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The world is in urgent need of renewable energy sources. Fossil fuel reserves are depleting
worldwide, and the harmful effects of their use on global climate are increasingly becoming
evident. Fossil fuels dominate the United States’ energy portfolio, and thus finding local,
renewable sources is a top priority to ensure energy security of our country (U. S. DOE, 2009).
Challenges related to energy are also evident in the U.S. military, which consumes 395,000
barrels of oil every day (Warner and Singer, 2009). Transport of fossil fuels to remote places in
hostile environments represents a significant cost and security risk to the military.

An ideal fuel for military missions is one that would be readily available, and renewable. In
addition, a non-flammable fuel would reduce the risks associated with its transportation. Our
project explores one possible solution to this requirement. We investigated the possibility of
using microbial fuel cells (MFCs) to generate electrical power at military bases from inexpensive,
non-combustible fuels. MFCs are a class of fuel cells in which conversion of energy present in
chemical bonds is recovered in usable form without any combustion. In MFCs specifically,
bacteria grow on an anode and convert organic fuels to generate an electrical current. The
electrons move through a circuit to the cathode where oxygen (0;) is reduced to water on
metal catalysts. Unlike other widely developed fuel cells (e.g., PEM fuel cells) that use
hydrogen (H,), a combustible gas as the fuel, MFCs have the versatility of being able to convert
biodegradable organic material.

The concept of MFCs is relatively new and holds great promise for energy recovery from
organic materials, especially various kinds of wastes. Figure 0.1 is a schematic of how an MFC
works. Inside an MFC, anode-respiring bacteria (ARB) catalyze the conversion of organic matter
directly into electricity. ARB form a biofilm on the surface of an electrode (the anode) and
transfer electrons to the anode from the oxidation of a variety of electron donors, such as
glucose, ethanol, acetic acid, and others (Liu et al., 2005; Logan et al., 2006; Torres et al., 2007).
A key concept in an MFC is that ARB transfer electrons to the electrode instead of directly
transferring them to a terminal electron acceptor. Therefore, the electrons must pass through
a circuit where energy is drawn before they finally reach the cathode, the location where they
reduce O, to form water. To separate the anode and cathode compartments, a membrane
capable of transferring protons (H*) or hydroxides (OH) is usually used; most MFC studies use a
proton exchange membrane (PEM) for this purpose (Chaudhuri and Lovley, 2003; Logan et al.,
2006), but we use an anion-exchange membrane to obtain important benefits.
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Figure 0.1. Schematic of the components in an MFC. The anode compartment (left) holds an
anode in which anode-respiring bacteria (ARB) grow as a biofilm. In the cathode compartment
(right), air is fed to supply O, as oxidant. An electron flow from anode to cathode generates
electrical power. lons (expressed as H' in the figure) are transported between the
compartments to provide electroneutrality through an ion-exchange membrane.

An MFC is a hybrid between an electrochemical cell and a biofilm reactor. In order to optimize
its performance and maximize its efficiency, a novel MFC design that allows bacteria to grow,
while minimizing potential losses in the electrical and ionic circuit of the fuel cell, is needed.
First, the ARB require a high surface area, as they grow as a biofilm, and have required growth
conditions (e.g., water, neutral pH, nutrients) that must be available in the anode compartment.
A high ratio of biofilm surface area to MFC volume allows a high output-power density. Second,
fuel cells should be developed in a compact design, where the distance between anode and
cathode is <1 cm, in order to minimize energy losses. Thus, a main goal for this project was to
design an MFC capable of producing high power densities with minimal potential losses.

For military operations, a simple fuel source that is easily consumed by ARB is desirable. In our
project, we studied two non-flammable, renewable fuels that are cheap and widely available:
acetate and sucrose. We selected these two fuels because of their wide availability in the world
market, their relative low cost, and the capability to produce high power densities from them in
laboratory MFCs. While both these fuels have low energy density compared to gaseous fuels
such as H, or CHy4, as well as liquid fuels such as gasoline and diesel (Perlack et al., 2005), they
are non-combustible and thus represent a possible cost savings in transportation due to lower
safety standards required.

As shown in Figure 0.1, the MFC has various components that must be optimized for its
operation. These include: (1) the ARB, which catalyze the fuel oxidation, (2) the anode and
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cathode materials, and (3) the ion-exchange membrane. In this project, we targeted
optimization of each component of MFCs and then used these components in novel reactor
designs that yield high power densities.

Major Achievements of this Project

Described below briefly is the organization of the report and a description of the major
achievements made in the design of MFCs.

1) Characterization and selection of anode materials: In this section, we describe our efforts to
optimize the anode material for growth of ARB. We tested graphite and stainless steel as
possible materials to grow ARB and evaluated current production on both.

2) Characterization and selection of anion exchange membrane: In this section, we describe the
various characterizations that we performed on commercially available anion exchange
membranes in terms of their resistance to ion transport. We also discuss why it is important to
use an anion exchange membrane, as opposed to the more commonly used proton exchange
membrane.

3) Construction and performance of first MFC prototype: In this section, we describe the
performance of the first flat-plate MFC prototype that we constructed, for which we used
acetate as the fuel. We show, using images, how we step-by-step constructed the MFC and
how we envision the various components to be used in an efficient design. We also show how
the cathode limits the power densities in MFCs, which led to the studies described later.

4) Characterization of anode and Ohmic losses in MECs: In this section, we describe how we
used a microbial electrolysis cell (MEC), in which additional voltage is added to overcome any
cathodic limitations, to study other components of our design in further detail. This allowed us
to study the energy losses at the anode and due to ion transport. We determined that these
losses are small, and high current densities can be achieved with minimal energy losses as long
as (i) a high surface area electrode is available for ARB to grow on, and (ii) the distance between
the anode and the cathode is minimized to <0.5 cm.

5) Identification and characterization of cathodic overpotentials: This section describes the in-
depth studies we conducted to determine the reasons leading to cathodic limitations in MFCs.
We used platinum catalyst in all our cathodes. We know that platinum catalysts allow current
densities that are 2 to 3 orders of magnitude higher in chemical fuel cells. We describe the
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importance of the transport of OH™ (a product of the O, reduction reaction) in cathode
performance, and we show that cathode performance can be improved either by changing
some of the materials of construction or selecting a buffer that can be transported rapidly and
act as an OH" carrier out of the cathode surface.

6) Development of co-culture for enhanced energy recovery from sucrose: Efficient ARB such as
Geobacter sp. use acetate primarily as their electron donor. Thus, to covert a more complex
fuel, such as sucrose, additional fermentative bacteria are needed. In this section, we describe
our efforts in developing a homo-acetogenic culture that converts sucrose mostly to acetate,
which can be further converted to electrical current by Geobacter sp. We also show how a co-
culture leads to enhanced recovery of electrons (>80%) in an MEC.

This project led to publication of two peer-reviewed journal papers listed below:

1. S.C. Popat, D. Ki, B. E. Rittmann, C. |. Torres (2012). Importance of OH" transport from
cathodes in microbial fuel cells. ChemSusChem, 5, 1071-1079.

2. D.R.Bond, S. M. Strycharz-Glaven, L. M. Tender, C. |. Torres (2012). On electron
transport through Geobacter biofilms. ChemSusChem, 5, 1099-1105.

1. Characterization and selection of anode materials:

Several materials have been used successfully as anodes to grow ARB. Carbon-based
electrodes are the most popular, and we have extensively used graphite and carbon fibers as
anode support for ARB growth in our laboratory (Torres et al., 2008a; Torres et al., 2008c; Lee
et al., 2010). Other research groups have used these and other carbon-based materials, such as
activated carbon (He et al., 2006). Non-corrosive metals, such as stainless steel and gold, have
also been used as an MFC anode (Richter et al., 2008; Dumas et al., 2008).

A main requirement for a good anode material is to provide a high surface area for ARB biofilms
to grow. Maximizing ARB growth area maximizes volumetric current densities in MFCs. Carbon
fibers are lightweight, inexpensive, and have a 7-12 um diameter, which allows a high surface-
to-volume ratio. However, they are not as conductive as metal alloys such as stainless steel,
and, thus, a current collector is required to build the anode. Instead, stainless steel fibers could
possibly serve as an anode material, also allowing more efficient current collection. Although
stainless steel fibers are more expensive and heavier than carbon fibers, we hypothesized that
they would allow high current densities at lower potential losses due to their high conductivity,
if ARB are able to grow well on them. Therefore, we evaluated carbon and stainless steel
anodes in the first phase of this project to select the best material for MFC modules.
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We compared the performances of acetate-fed microbial electrolysis cells (MECs) with graphite
rods and stainless steel meshes, selected as simple anodes to rapidly test the affinity of ARB
towards them. We selected meshes made from 316-grade stainless steel for these studies. We
conducted several trials with the MECs, similar to as we have done in the past (Torres et al.,
2008b; Parameswaran et al., 2009), and the performance of one set of MECs is reported in
Figure 1.1. As expected with graphite rod anodes, we were able to achieve current densities of
~11 A m,,” at a poised anode potential of -0.4 V vs. Ag/AgCl (Figure 1.1(a)) when inoculated
with anaerobic digested sludge as inoculum. This is consistent with our previous results using
graphite as anode material, wherein we have been able to enrich for Geobacter spp. and obtain
similar current densities at this poised potential (Torres et al., 2009). We were unable to enrich
for efficient ARB from the same anaerobic digested sludge inoculum using a stainless steel
mesh anode at a poised potential of -0.4 V vs. Ag/AgCl (data not shown). When we used
enriched ARB cultures as inoculum in stainless steel anode MECs, we observed current
generation, but current densities were an order of magnitude lower than for graphite rod MECs
(Figure 1.1 (b)).
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Figure 1.1. Performance of acetate-fed MECs with (a) a graphite rod anode and (b) a stainless
steel mesh anode. The anode potential was poised at -0.4 V vs. Ag/AgCl. The graphite rod
anode MEC was operated in batch more until day 22 and then continuously fed for the rest of
the duration. The MEC with the stainless steel anode was operated in batch mode through the
reported duration of operation. Note the different scales on the vertical axes.

We postulated that the stainless steel surface hindered the enrichment for ARB efficient in
extracellular electron transport (EET) using a conductive biofilm matrix. We thus conducted
cyclic voltammetry (CV) scans on one set of graphite rod and stainless steel mesh anode MECs
to compare the possible EET mechanisms between the two. These CV scans are shown in
Figure 1.2. The curve for the graphite rod anode MEC (Figure 2.2 (a)) fits the Nernst-Monod
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model (fitting not shown) (Marcus et al., 2007; Torres et al., 2008b). This successful model fit,
in combination with the high current densities, confirms the use of a conductive biofilm matrix
for EET. The Ega value determined from the curve fitting was -0.43 V vs. Ag/AgCl; this is
consistent with values determined for Geobacter sp. (Torres et al., 2008b).

Contrastingly, the curve for the MEC with the stainless steel mesh anode (Figure 2.2 (b)) did not
fit the Nernst-Monod model, even when using an enriched inoculum. We believe that stainless
steel may have induced a change in the EET mechanism. It is known that OmcZ, an outer
membrane cytochrome in Geobacter spp. is required for efficient EET and optimal current
generation (Inoue et al., 2011). We suspect that stainless steel inhibited the functioning of this
cytochrome, either due to its inherent chemical properties or leaching of metal ions, such as
nickel and chromium that could have interacted negatively with important proteins. We are
interested in continuing to evaluate the performance of stainless steel anodes to gain further
insight into the reasons for the poorer performance of ARB. However, given the short timeline
of the project, we moved forward with the use of graphite fibers as anodes for the MFC
modules.

18 7 2.5
163 (a) 1 (b)
14 ] 207
z 12 1
£ ; :f 1.5 1
TE' 10 4 £
g s £
f= [
= = 1.0 q
(] ] £
6 3 (s}
4 05 A
21
0+ 0,04 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
-0.6 0.5 0.4 -0.3 0.2 0.1 0.0 0.1 0.2 0.6 0.5 0.4 0.3 -0.2 0.1 0.0 0.1 0.2
Anode Potential (V vs. Ag/AgCl) Anode Potential (V vs. Ag/AgCl)

Figure 1.2. CV scans of acetate-fed MECs with (a) graphite rod anode and (b) stainless steel
anode, performed after pseudo steady state. The scan rate was 1 mV s™. Note the different
scales on the vertical axes.

2. Characterization and selection of anion exchange membrane:

The ion exchange membrane serves two purposes in an MFC. The first is to avoid crossover of
0O, from the cathode chamber to the anode chamber, where anaerobic conditions need to be
maintained for optimum growth and activity of efficient ARB. Avoiding O, crossover also avoids
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the growth of aerobic heterotrophic bacteria that would decrease the Coulombic efficiency by
diverting electrons present in the substrate towards the reduction of O,. The second is to allow
efficient and preferential transport of ions from the anode chamber to the cathode chamber, or
vice versa, to maintain electroneutrality.

It has been shown in the past that using a proton exchange membrane (PEM), which needs to
transport H' produced from anode respiration to the cathode chamber, leads to the
development of pH gradients between the anode and the cathode chambers, with the cathode
chamber pH shown often to reach close to 13 (Rozendal et al., 2007). From the Nernst
equation, it is known that every pH unit that the cathode pH is higher than the anode pH leads
to a loss of ¥60 mV of thermodynamic potential at room temperature. The underlying reason
for this pH imbalance is that the anode chamber contains other cations such as Na* and K,
which are present in such high concentrations (10-100 mM) in comparison to H" (~10™ mM),
that electroneutrality is maintained through transport of these ions instead of H”.

Researchers have investigated the use of other membranes, such as anion exchange
membranes (AEMs) (Torres et al., 2008c), bipolar membranes (Ter Heijne et al., 2006), and
simple filters/insulators (Kim et al., 2007), to avoid the issue of pH imbalance between the
anode and the cathode chambers. Of these, AEMs have been found to perform well (Harnisch
et al., 2008; Sleutels et al., 2009). When using an AEM to separate the anode and the cathode,
electroneutrality is maintained by transport of OH™ from the cathode chamber to the anode
chamber, either directly or via anionic buffers such as phosphate and carbonate species. The
use of AEMs has consistently shown to reduce the pH imbalance between the anode and the
cathode chambers in various MXCs, and we thus decided to use AEMs in developing our MFC
prototypes.

While the use of AEMs to transport OH™ from the cathode chamber to the anode chamber has
been proposed since 2007, a systematic study of various commercially available AEMs, in terms
of their resistance to ion transport in conditions relevant to MFCs, has not been performed.
Thus, we used electrochemical impedance spectroscopy (EIS) to characterize five commercially
available AEMs (Table 2.1) in this aspect. For these experiments, we used electrochemical cells
containing two chambers filled with relevant solutions (individually 100 mM PBS and 100 mM
NaHCOs), with stainless steel rod electrodes, and separated by the membrane to be
characterized. We performed EIS on the cell with one stainless steel rod as the working
electrode, the other as the counter and reference electrode, and at 200 MHz and amplitude of
0.02 V. This allowed measurement of the Ohmic loss between the two electrodes for various
membranes. We also performed EIS analysis without a membrane to get the background
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Ohmic loss from the liquid solutions used, thus making it possible to determine the resistance
to ion transport only from the membrane.

Table 2.1. List of membranes tested, including their supplier and physical properties.

Membrane Supplier Thickness | pH Stability
AMI-7001 Membranes International, USA | 0.50-0.51 1-10
Excellion 1-200 SnowPure, USA 0.32-0.34 NR
Fumasep FAA FuMa-Tech, Germany 0.13-0.15 6-13
Fumasep FAB FuMa-Tech, Germany 0.10-0.13 0-14
A201 Tokuyama, Japan 0.028 0-14

We show in Figure 2.1 the resistances to ion transport from different membranes in 100 mM
PBS (Figure 2.1 (a)) and 100 mM NaHCOs (Figure 2.1 (b)). AMI-7001 is a standard AEM that is
used in various laboratory MXC studies (Parameswaran et al., 2009). We found that, of all the
membranes we tested, AMI-7001 had among the largest resistances to transport of anions. The
FAA, FAB, and A201 membranes provided significantly less resistance to anion transport
compared to the AMI-7001 and I-200 membranes.
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Figure 2.1. Resistances of various membranes tested in (a) 100 mM PBS, and (b) 100 mM
NaHCO:s.
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We selected A201 as the membrane to use in the MFC prototypes, since it provided the least
resistance to anion transport irrespective of the electrolyte. Since A201 also has a much wider
range of pH stability compared to AMI-7001, we anticipated that A201 also would be more
stable over long-term operation.

3. Construction and performance of first MFC prototype:

Based on the materials tested (described in sections 1 and 2) and the concepts from fuel cell
designs, such as minimizing the distance between the anode and the cathode, we constructed
our first flat-plate MFC prototype (Figure 3.1). Here we describe the salient features of our
design. For the cathode, we decided to follow the guidelines that have been developed for
construction cathodes for PEM fuel cells. The cathode design begins with a serpentine flow
field (Figure 3.1 (a)), which is constructed from a graphite block that also acts as a current
collector. This flow field allows efficient transport of O, to the active cathode catalyst sites. It
also allows removal of excess moisture that may be present on the cathode. While we
conducted some experiments described below using this serpentine flow field, including the
performance of the MFC we report below, we later discovered that the flow field was not
essential in maintaining cathode performance. The flow rate of O, in the flow field hardly
affected the current densities, and an open-air cathode typically achieved the same current
densities. Thus, the use of this serpentine flow field could be excluded while scaling up our
design. However, this would require the use of an efficient current collector. In the laboratory,
a stainless steel plate contacting the cathode at its edges (photo not shown) sufficed, but for
larger systems, concepts such as building the cathode around a stainless steel mesh developed
by Zhang et al. (2010) appear promising.

Next we describe the cathode itself, which is shown in Figure 3.1 (b). The cathode consists of a
carbon cloth support. On one side of the cloth, which faces the serpentine flow field or is open
to air, a paste of carbon and a hydrophobic polymer (in our case polydimethylsiloxane, or
PDMS) is applied. The cloth together with this hydrophobic carbon layer is referred to as a gas
diffusion layer (GDL). The GDL allows efficient transport of O, to the catalyst sites by ensuring
that O, diffusion is not limited by “flooding” of the cathode. On the other side of the cloth,
which faces towards inside the reactor, the catalyst layer is coated. We used Pt/C as the
catalyst, at loadings of 0.5 mg Pt/cm”. The Pt/C powder is mixed with an ionomer to form a
paste, which is used to paint the catalyst later on the cloth. The ionomer allows transport ions,

10
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thus maintaining charge neutrality. We used Nafion as the ionomer in the first set of designs
we describe here, but evaluated its use critically later on (see section 5).

(d) (e) (f)
Figure 3.1. Photographs of the first flat-plate MFC prototype we developed at various stages of

construction. See the text for details.

From the studies described in section 2, we selected A201 as the AEM of choice in the MFC
design. The membrane is placed immediately next to the cathode (Figure 3.1 (c)) to minimize
distance between the anode and the cathode. On the side of the membrane opposite to the
one facing the cathode, we placed a stainless steel mesh (Figure 3.1 (d)). In other studies that
we have done with various MFC designs, we had noted that the flow of anions from the
cathode to the anode chamber causes the membrane to deform, bending towards the anode
side. This deformation leads to increased Ohmic losses. Others also have seen this
phenomenon (Zhang et al., 2010). We thus used the mesh to support the membrane against
the cathode in order to prevent membrane deformation. In subsequent trials (not reported
here), we replaced the stainless steel mesh with a plastic mesh to avoid corrosion.

After the mesh to support the membrane, we placed the anode, which consisted of a titanium
frame acting as a current collector, with wound carbon fibers to allow enough anode area for
ARB to grow (Figure 3.1(e)). The anode chamber was then closed with a Plexiglas frame. A
photograph of the final set-up is shown in Figure 3.1 (f). In our prototypes, we used an anode

11



Development of an Acetate- or Sugar-fed Microbial Power Generator for Military Bases
Pls: Rittmann, Torres, and Krajmalnik-Brown (Arizona State University)
Award #: N0O0014-10-M-0231

volume of 100 mL, but this can be easily adjusted to achieve required rates of power
production.

We conducted three trials using this design, replacing certain elements (e.g., the mesh material
to support the membrane) in each iteration. We report here results from only one of the trials.
In all trials, we used acetate as the electron donor for ARB and inoculated the MFCs with a
Geobacter sp.-enriched inoculum from other operating reactors in our laboratory. We used a
phosphate-buffered medium for growing ARB, which has a conductivity of 15.5 mS/cm. We
started all MFCs in batch-mode, and switched them to continuous mode once we observed
current production, at a hydraulic retention time of 4-6 hours. We operated all MFCs with a
potentiostat, with the anode potential poised at -0.3 V vs. Ag/AgCl. We continuously
monitored the current production, as well as the cathode potential, to determine power
densities. We show in Figure 3.2 below, the performance of one of the prototypes we
constructed.
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Figure 3.2. Performance of one of our MFC prototypes in terms of current density vs. time.

Using an active inoculum, we observed current production within one day of starting the MFC.
The cathode open circuit potential (OCP, i.e., when current production had not begun) was +0.4
V vs. Ag/AgCl. This is lower than the expected theoretical OCP for oxygen reduction of +0.54 V
vs. Ag/AgCl (or +0.81 V vs. SHE). In other trials, the OCP was as low as ~+0.15 V vs. Ag/AgCl,
suggesting that roughly 0.2-0.4 V of theoretically available voltage was lost even without any
current production, possibly due to mixed potential arising from possible side reactions. The
current density increased with time up to ~1.5 A/Meathode’, after which there was a decrease
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due to consumption of all acetate, since the anode volume was very small. We switched the
MFC to continuous mode thereafter, and the current density increased to up to 5 A/m>.

The continuous measurement of the cathode potential showed that, by 1.5 A/mz, the cathode
potential had already decreased to 0 V vs. Ag/AgCl. This represents a power density of ~450
mW/mZ. The maximum power density was achieved at a current density of ~4 A/mz, when the
cathode potential was ~-0.1 V vs. Ag/AgCl, which amounts to a power density of ~800 mW/m?.
These power densities are on the lower end of what has been observed in laboratory studies in
the past 3-4 years in ours (Torres et al., 2008c), as well as other groups (Logan et al., 2008). By
5 A/m?, the cathode potential reached -0.3 V vs. Ag/AgCl, at which point no power was being
produced. Since the anode potential was set at -0.3 V vs. Ag/AgCl, only ~0.25 V was lost to
anode potential losses (anode OCP should be ~-0.55 V vs. Ag/AgCl) at the highest current
densities, while ~0.85 V was lost at the cathode. Note that this also includes the Ohmic loss,
which we estimate to be <0.1 V, unless ionic contact between the membrane and the cathode
was poor. This tells us that the power densities in our MFC design were limited by the cathode
reaction. Although this was surprising, since Pt/C catalyst allows obtaining current densities
that are 100-1000 times higher in chemical fuel cells, we acknowledged that cathodic
limitations have been increasingly determined as a key parameter in scaling up MFCs based on
various other studies in the last few years (Cheng and Logan, 2006; Rismani-Yazdi et al., 2007;
Fan et al., 2007). Thus, we decided to focus on understanding the MFC cathodic limitations in
more detail (Section 5). We believe that solving cathodic limitations will be an important step
in gearing MFCs towards scale-up and practical applications.

4. Characterization of anode and Ohmic losses in MECs:

Before conducting studies on the cathode, we determined the anode and Ohmic losses in our
design. To do this, we conducted further studies in microbial electrolysis cells (MECs). In MECs,
0, is excluded from the cathode, and instead water is reduced to H, gas. The absence of O, at
the cathode is advantageous to characterize the anode, in which ARB could be inhibited by the
O, diffused from the cathode. This configuration requires ~0.14 V of energy input to make the
H,-evolution reaction on the cathode thermodynamically favorable. In reality, additional
voltage needs to be applied to overcome potential losses at the anode, at the cathode, and due
to ion transport (i.e., Ohmic losses). By tracking the applied voltage as a function of current
density and using various electrochemical techniques, we could separate the contribution of
each to the total applied voltage. For these studies, we used an MEC that included the same
anode and membrane we used in our MFC prototypes (see Figure 4.1 for photograph of MEC),

13



Development of an Acetate- or Sugar-fed Microbial Power Generator for Military Bases
Pls: Rittmann, Torres, and Krajmalnik-Brown (Arizona State University)
Award #: N0O0014-10-M-0231

as well as the same design features (for e.g. short distance, i.e. <0.5 cm, between the anode
and the cathode).

Figure 4.1. Photograph of MEC used to study anode and Ohmic losses for our electrode
configuration.

In the flat-plate MEC, we were able to achieve volumetric current densities of up to 500
A/Manode-. Note that we use the current density normalized to anode volume in the discussion
here, as opposed to that normalized to cathode area, since with improving the anode
performance and reducing Ohmic losses, the primary aim is to obtain high anodic volumetric
current densities. Once the ARB biofilm had fully grown and a steady-state current density was
reached, we performed cyclic voltammetry (CV) on the biofilm to get insights into anode
potential losses. We show the CV below in Figure 4.2. The CVs showed typical Nernst-Monod
behavior of ARB kinetics, with the maximum current densities achieved by an anode potential
of -0.35 V vs. Ag/AgCl. This represents an anode potential loss of only 0.2 V, which agrees with
our previous studies described in this report. The maximum volumetric current density we
report here also is among the highest reported, confirming that using a large surface area
anode allowed reaching high current densities, while minimizing additional potential losses.
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Figure 4.2. Cyclic voltammetry of MEC ARB biofilm.

We further characterized MEC performance by using additional electrochemical techniques.

First we performed EIS analysis at open circuit to determine the Ohmic loss. It was negligible,

since our design places the anode and the cathode <0.5 cm apart and also because we used a

relatively high conductivity phosphate buffer on the anode chamber. We then performed

chronoamperometry, changing the anode potential from open circuit to -0.3 V vs. Ag/AgCl,

while recording current density, cathode potential, and cathode liquid pH. We then used this

information to separate the various components of applied voltage, and these are shown in

Figure 4.3. We show that anode and Ohmic potential losses contribute together only a small

fraction of the total applied voltage (or potential losses). Although we separate pH losses from

cathode losses in Figure 4.3, we show in section 5 that these are typically also associated with

the cathode, and thus even in MECs, we conclude that cathode losses result in the highest

fraction of applied voltages at a given current density. Thus, EIS confirms that our design helps

ensure that anode and Ohmic potential losses are minimized. It also confirms the importance

of finding ways in which we can we can improve cathode performance.
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Figure 4.3. Applied potential as a function of current density in the MEC.

5. Identification and characterization of cathodic overpotentials :

Because our first prototype MFC was limited by cathode performance, we decided to
investigate the reasons for this limitation. In general, it has become evident over the last few
years that MFCs are more likely to be limited, in terms of maximum achievable power densities,
by cathodic potential losses (Zhao et al., 2006; Rozendal et al., 2008; Rismani-Yazdi et al., 2008).
Our aim was thus to understand the underlying reasons for cathodic potential losses at typical
current densities (0-20 A/mcathodez) and, as a direct outcome, evaluate solutions to overcome
these losses.

It is often suggested that cathodes in MFCs are limited because of the difficulty providing
protons, a supposed reactant at the active catalyst sites, at typical conditions, such as neutral
pH. This assumes that the oxygen reduction reaction (ORR) proceeds as follows, based on
proton exchange membrane (PEM) fuel cells:

0O,+4e +4H" = 2H,0

However, cathodes in MFCs are subjected to significantly different conditions than in PEM fuel
cells, e.g., direct contact with an electrolyte at neutral pH. Thus, we first analysed whether this

" The work described in this section led to the publication: S. C. Popat, D. Ki, B. E. Rittmann, C. |. Torres
(2012). Importance of OH  transport from cathodes in microbial fuel cells. ChemSusChem, 5, 1071-1079.
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minimal availability of protons as reactant can actually support the cathodic current densities
typically observed in MFCs.

If the ORR proceeds on cathodes in MFCs through the use of protons as a reactant, the flux of
protons through the catalyst layer and the diffusion boundary layer, of the cathode, has to be
sufficient enough to support the current densities of 5-10 A/m? that are usually observed. This
transport of protons occurs mainly through diffusion. Using typical values for the diffusion
boundary layer thickness, we computed a maximum flux of protons in the order of 10%°- 10~
mmoles/cm? - s, which corresponds to current densities in the order of 10°- 107 A/m% This is
100-1000 times lower than current densities typically observed; thus, we conclude that ORR
does not proceed in MFCs as it does in PEM fuel cells. It must occur through the alternative
mechanism, shown below, which is dominant in alkaline fuel cells (Varcoe et al., 2005):

0, +4¢e +2H,0 2 40H

We hypothesized that cathodes in MFCs are limited because of poor OH" transport out of the
cathode into the bulk electrolyte. Inability to rapidly transport OH™ from the active catalyst sites
to the bulk liquid will result in an increase its local concentration, leading to concentration over-
potential. From the Nernst equation, every increase in one pH unit decreases the redox
potential for the ORR by ~59 mV (at room temperature), and thus we postulated that a
significant amount of cathodic potential loss at typical current densities is likely associated with
an increase in the local cathode pH.

The first reason for this limitation stems from the anion-conduction properties of the catalyst
binder used for creating a three-phase boundary for the ORR. As an extrapolation from its use
in PEM fuel cells, Nafion has been the binder of choice in cathodes in many MFCs (Cheng et al.,
2006). However, Nafion contains sulfonate moieties that are efficient in transporting cations,
but provide significant resistance to transport of anions, including OH" (Piela et al., 2006)
Buffers, such as phosphate and carbonate species, that would help transport OH™ out of the
cathode would also be transport-limited in Nafion. Second is the lack of sufficient agitation,
which results in a thicker diffusion boundary layer.

We decided to confirm that OH transport limits cathode performance. For this, we obtained a
series of cathode polarization curves under different conditions in a gas-diffusion half-cell. We
prepared cathodes (9 cm?) from 30% wet-proofed carbon cloth gas-diffusion boundary layers
coated with a microporous carbon layer (CMPL) on one side (Electrochem Inc., USA). We
prepared catalyst ink using 0.5 g of 30% Pt/C powder (Electrochem Inc., USA) mixed in 5 mL of
5% ionomer in iso-propanol solution (Nafion, Sigma-Aldrich, USA, or AS-4, Tokuyama
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Corporation, Japan) by sonication for 30 minutes and magnetic stirring for 24 h, as binder, and
applied it the side of cathodes opposite to the CMPL, using a paint brush. We used a Pt loading
of 0.5 mg/cm2 on all the cathodes. We constructed gas-diffusion half-cells (3cm x 1.8 cm x 3
cm) as Plexiglas chambers of ~16 mL volume, closed at one end. We placed the cathodes at the
other end with the catalyst-coated side facing inside (towards the solution) and the MPCL
outside (towards air). We used a saturated calomel electrode (+0.244 V vs. SHE) as the
reference electrode and placed it inside the cells at a distance of 5 mm from the cathode. We
used a stainless steel rod as the counter electrode (~9 cm?, 5 mm diameter). We performed
linear sweep voltammetry (LSV) on cathodes at 30°C using a potentiostat (Princeton Applied
Research, USA) at a scan rate of 1 mV/s. We performed i-R correction for all LSVs to correct for
the Ohmic loss between the reference electrode and the cathode, using an average Ohmic loss
as measured from ~20 impedance spectroscopy measurements at 100 kHz with an amplitude of
10 mV.

We first obtained polarization curves for cathodes constructed with Nafion binder in
unbuffered 100 mM NaClO, solution at pH 7.5, 10.8, or 13 (Figure 5.1 (a)). It is evident that the
cathode in pH 7.5 had the largest potential losses, particularly at low current densities. The
difference in potential for the cathode in pH 7.5 vs. the cathodes in higher pH was only
maintained at current densities <1 A/m?, indicative of high potential losses at low current
densities. These losses also decreased with increasing bulk liquid pH, indicating that they are
related directly to the concentration gradient for OH between the bulk liquid and the cathode.
Eventually, all cathodes converged to the same potential at high current densities, suggesting
that all of them reach the same local pH, irrespective of the bulk liquid pH. This experiment
provides the first indication of the importance of OH transport from cathodes. Using the
polarization curve for the cathode in pH 13, we determined jy (i.e., the exchange current
density) and «a (i.e., the charge transfer coefficient), both values being related to catalyst
properties, as 9.5 x 10°® A/cm2 and 0.195, respectively. Next, we used the Butler-Volmer
equation with the jy and a values to predict the response of the cathode in pH 7.5 if it were not
OH  transport limited. We show this in Figure 5.1(b). It is evident that the actual response
includes additional overpotential, which has to be related to OH transport limitations. We also
fit the experimental curve to the Butler-Volmer equation that includes diffusion limitation to
obtain the local cathode pH as a function of the current density, which increased to >11 very
rapidly at current densities <1 A/m” and at 10 A/m” was >12.5. This represents a potential loss
of >300 mV, or >50% of all cathodic potential losses typically observed in this range of current
density.

18



Development of an Acetate- or Sugar-fed Microbial Power Generator for Military Bases
Pls: Rittmann, Torres, and Krajmalnik-Brown (Arizona State University)
Award #: N0O0014-10-M-0231

0.6 0.8 7 14
a i (b pH=7.5
g (a) N 207 (b) L
g ] — 3 ] Lsv F
; ] ;0'6 1 es BV (No Diff. Limit) [ 12
204 i 1038 ~0.5 37 = =B-V (Diff. Limit.) F -
.TE 1 13 E ] T ==_ocal pH rll o
€03 ] Boa 4  Ttttceevnnvveieee E ®
3 : 3 Ei ------- : 10 §
.. ] 203\
0 0.2 ] v R F 9
g | HEE RN :
§0.1 ] \ *,-,:01 ] ~‘~~-__ D/L = 0.00034 cm/s E g
(8] . ” oll 3 "~------_____ F
0 . LU L R S SR S S S B B B B B B B B B S B B B B R 0 F—— LA L R S B B S B B B B B B B B B B B B B B 7
10 15 20 25 30 0 5 10 15 20 25 30

Current Density / A m2

Current Density / A m2

Figure 5.1. (a) Polarization curves of Pt-based gas diffusion cathodes constructed with Nafion
binder in 100 mM NaClO, solution at different pH. (b) Comparison of polarization curve of Pt-
based gas diffusion cathode constructed with Nafion binder in 100 mM NaClO, solution at pH
7.5 with curves predicted from the Butler-Volmer equation without and with OH diffusion
limitation, and the predicted local cathode pH as a function of current density resulting from OH
diffusion limitation.

While the above experiments were performed in unbuffered solutions, a buffer is typically used
in MFCs to maintain the bulk liquid pH closer to neutral. This buffer could also help in
transporting OH from the cathode to the bulk liquid. Thus, we obtained polarization curves for
cathodes constructed with Nafion binder in 100-mM phosphate buffer. Similar to the above
experiments, we performed these experiments in buffer solutions with different pH, ranging
from 7.2 to 12.9, but we show only the polarization curve in pH 7.2 in Figure 5.2. We also
compare the experimentally obtained polarization curve of the cathode in pH 7.2 with the
theoretical non-diffusion controlled response in pH 7.2, as determined from the Butler-Volmer
equation. The difference between the two provides a measure of potential losses related to
increased local cathode pH. At a current density of 10 A/mz, this difference was >0.3 V,
suggesting that the local cathode pH was already ~5 units higher than the bulk liquid pH.
Potential losses related to OH™ transport limitation were smaller at low current densities (<5
A/m?), but still represented a significant fraction. For example, potential loss related to OH
transport limitation was ~0.15 V at 4 A/m?, corresponding to a local cathode pH of ~9.7. This
pH represents the tail end of where a favourable concentration gradient could exist for OH
transport through deprotonation of H,PO, to HPO,”".

19



Development of an Acetate- or Sugar-fed Microbial Power Generator for Military Bases
Pls: Rittmann, Torres, and Krajmalnik-Brown (Arizona State University)
Award #: N0O0014-10-M-0231

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1 ==Experimental
0 ==B-V (No Diff. Limit.) pH=7.2
01 +——TT T T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30
Current Density (A/m?)

I']ac1:ivat'ion+mixe<:i

Nion]

Cathode Potential (V vs. SHE)

Figure 5.2. Comparison of polarization curve of Pt-based gas-diffusion cathode constructed
with Nafion binder in 100 mM phosphate buffer at pH 7.2 with curves predicted from the Butler-
Volmer equation without OH" diffusion limitation.

Having established that Nafion provides significant resistance to OH transport, either directly
or through phosphate buffer as OH carrier, we hypothesized that replacing Nafion with an
anion-conductive polymer will result in improved cathode performance. Several polymers
containing quaternary ammonium moieties have good anion exchange capacity and are
available from applications in anion exchange membrane (AEM) fuel cells (Varcoe et al., 2006;
Fang et al., 2006; Xiong et al., 2008). We selected one of these, AS-4 (Tokuyama Corporation).
We obtained polarization curves for cathodes constructed with AS-4 binder in 100-mM
phosphate buffer at pH 7.2 and compared these to those for cathodes constructed with Nafion
binder. We show this comparison in Figure 5.3. Compared to the cathodes with Nafion binder,
potential losses for the cathode with AS-4 binder were lower. Since we expect activation-
related overpotentials to be the same for both cathodes, the improved performance of the
cathode with AS-4 binder is a direct result of improved OH™ transport, either directly or through
improved transport of the anion buffer species. Within the range of current densities typically
observed in MFCs, potential losses for the cathode with AS-4 binder were up to 157 mV lower
than for the cathode with Nafion binder, indicating significant improvement in anion transport.
Considering this result, we suggest that the use of Nafion as the cathode catalyst binder in
MFCs be replaced with anion conductive binders like the one we used here.
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Figure 5.3. Comparison of polarization curves of Pt-based gas-diffusion cathode constructed
with Nafion and AS-4 binders, the latter with and without CO; feed to the cathode, in 100 mM
phosphate buffer at pH 7.2.

The maximum savings of 157 mV at 7.5 A/m?* suggests that the local cathode pH was ~2.6 units
lower with the AS-4 binder. Since the cathode with the Nafion binder was close to a local pH 12
at this current density (as we determined previously), the local cathode pH with AS-4 binder
was ~9.4. This still represents a significant remaining potential loss related to OH transport
(~140 mV) and, thus, additional opportunity for improving cathode performance.

A second way to improve cathode performance would be through providing additional buffer in
the form of CO,. We have shown in the past that adding CO, to the cathode chamber in MFCs
containing a membrane helps in transporting OH™ across the membrane (Torres et al., 2008c).
H,CO3 (hydrated CO;) would deprotonate to HCO3', thus acting as an OH  carrier. The
advantage of providing CO,, especially to gas-diffusion cathodes, is that it can be delivered
directly to the catalyst sites through the gas diffusion boundary layer, compared to phosphate
buffer that suffers from the same diffusion limitations as OH". Also, the second pK, of the CO,
buffer system is 10.3, and this would allow maintaining a lower cathode pH at high current
densities than phosphate, through OH" transport via the HCO;3/COs> couple.

We obtained polarization curves for the cathodes constructed with AS-4 binder with CO, feed
(5% mixture with air) as well (Figure 5.3). It is apparent that CO, addition did not significantly
help in the region of low current density (< 5 A/m?), since phosphate already was partially
aiding OH" transport. However, CO; addition resulted in lower potential losses at the higher
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current densities. Compared to the cathode with Nafion (and no CO,), potential losses were
~120-140 mV lower for the cathode with AS-4 with CO, addition, thus representing a local
cathode pH close to 10. We thus conclude that enhanced OH" transport was occurring through
the deprotonation of H,COs to CO5".

Since we found that the cathode performance depended primarily on the pK, of the buffer used,
we explored the use of ammonium (NH,4") as a sustainable buffer for improving cathode
performance in MFCs. While this might not be a practical application for the purposes of
developing a microbial power generator for naval bases, the use of NH," as buffer could be
feasible for treatment of waste streams already containing high NH;" concentrations. The
NH;"/NHs couple has a pK, of ~9.2, suggesting that it should be possible to maintain the local
cathode pH in MFCs in the range of 8.5-10 using NH," as a buffer, thus further reducing
potential losses. To compare the performance of cathodes in NH;" buffer against other buffers,
we obtained polarization curves for cathodes constructed with Nafion binder in 50 mM of
various solutions (Figure 5.4). As expected, the cathode overpotential in 50-mM unbuffered
solutions (NaCl) increased rapidly, even at low current densities, as a result of an increase in the
local cathode pH. Our previous analysis suggests that, by 2 A m™, the local cathode pH already
increases by 4-5 pH units in the absence of a buffer, thus representing a significant Nernstian
concentration overpotential of ¥~300 mV due to local accumulation of OH™. In contrast, the
cathode overpotential to reach current densities of up to 5 A m™ was lower in PBS. This was a
result of buffering of pH in the range of 7.2-9, which represents the tail end of where H,PO,"
deprotonates with OH™. Beyond this current density, the rate of production of OH™ surpassed
the rate of transport of H,PO,, which encountered transport resistance in the catalyst layer
due to the use of Nafion as the catalyst binder. Bicarbonate buffer did not significantly help in
buffering close to the pK, of the HCO5/COs* couple of ~10.3, but this could be due to its poor
transport properties in Nafion.

In comparison to phosphate and bicarbonate buffers, the overpotentials in NH,Cl and NH4HCO3
were lower at high current densities (>5 A m2). This confirms our hypothesis that NH;" helped
to maintain a lower local cathode pH. Up until 5 A m™, the cathode in PBS performed better
than in NH4Cl and NH4HCO3 because of the buffering effect of phosphate in the pH range of 7.2-
9. However, current densities up to 25 A m™ were sustained in NH," solutions without the LSVs
showing an inflection resulting from transport limitation. This likely was an effect of using
Nafion as the catalyst binder, since Nafion is efficient in transporting cations, such as NH;". We
had shown before that replacing Nafion as the binder with an anionomer can help improve
cathode performance when using phosphate or bicarbonate as buffer, but for NH;" buffer,
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Nafion is a preferable binder. The higher diffusion coefficient for NH;", compared to the other
buffers, also increases its relative transport rates to the cathode surface.

0.6
0.5
0.4
0.3

0.2

0.1

Cathode Potential (V vs. SHE)

0.0

0 5 10 15 20 25
Current Density (A m?)

Figure 5.4. Polarization curves of Pt-based gas-diffusion cathodes in different 50-mM solutions.

The results in Figure 5.4 show that it is possible to save >150 mV at current densities >10 A m
using NH," as a buffer at the same concentrations as phosphate. This is an important result and
has especially favorable implications for treatment of streams containing high levels of NH,",
such as animal waste. However, it has been shown in the past that NH3 can be lost through air-
cathodes in MFCs following deprotonation of NH;". Thus, any NHs that partitions in the gas
phase at the cathode should be recovered to sustainably use the buffer.

Next, we studied the importance of NH," transport on cathode performance; we obtained
polarization curves for cathodes constructed with Nafion binder in solutions of different
concentrations of NH;". These results are shown in Figure 5.5. The experiments confirm that
cathode performance was directly related to NH;* concentration and, thus, its transport. Most
notably, we saw the inflections in LSVs within the tested range of current densities that we
observed earlier with 50-mM PBS, this time with 10- and 25-mM NH,4Cl. Beyond the current
densities where the inflection was observed, the transport of NH;" was slower than the
production of OH", and, logically, the inflection appeared at a lower current density for 10-mM
NH,4Cl than for 25-mM NH,4Cl. At higher concentrations, NH;" transport was not limiting within
the range of current densities tested. Therefore, we saw no inflection points for NH4Cl 250 mM.
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Figure 5.5. Polarization curves of Pt-based gas-diffusion cathodes in solutions containing
different concentrations (0-500 mM) NH,Cl with 25-mM NaCl as background.

6. Development of co-culture for enhanced energy recovery from sucrose:

One of our goals for this project was to achieve high current densities along with high
Coulombic efficiencies when feeding sucrose as a substrate to MFCs. Since high current density
producing ARB, such as Geobacter sp., can consume only simple substrates such as acetate, we
developed a complementary mixed microbial culture that ferments sucrose primarily to acetate.
We describe below our approach in developing such a homo-acetogenic culture, as well as its
characterization in terms of electron recovery from sucrose as acetate and its community
structure using molecular tools.

We set up a 0.5-L batch reactor fed with medium with the following composition (in 1 L):
KH,P04 0.2 g; NaCl 1 g; NH4Cl 0.5 g; KCI 0.1 g; MgCl,#6H,0 0.25 g; CaCl,22H,0 0.175 g; BES 6.02
g (for selective methanogenic inhibition), NaHCO3 4.2 g (50 mM); trace mineral media as
published in Parameswaran et al (2009) 1mL; ATCC vitamins solution 0.5 mL, Fe’" at 4 g/L1mlL;
and Na,Se7H,0 at 37 g/L 0.1 mL. We added 10 mmoles of sucrose to the batch reactor (i.e., 20
mM concentration). The initial medium pH was stable at around 6.75. We had previously
enriched a consortium of homo-acetogenic bacteria from the suspension of an H-type MEC that
produced current from a syntrophic interaction between homo-acetogens and ARB
(Parameswaran et al, 2011). We added 5 mL of the enrichment culture to serve as inoculum
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(1% of reactor volume) to obtain enrichment on sucrose, as well as conducting a thorough
electron balance.

Batch reactions proceeded immediately, leading to complete sucrose utilization by the second
day (Figure 6.1). The reactor pH dropped to 6.05 on day 2, but quickly stabilized back to 6.5
after that time point, and it remained stable until the end of batch operation (day 7). Of the
characterized soluble products at the end of the batch run, lactate was the dominant sink,
followed by acetate. Formate is a precursor for homo-acetogenesis (Ha et al, 2008) and should
be considered as a readily utilizable substrate when homo-acetogenesis is not limiting. Lactate,
acetate, and formate constituted about 40% of the total electrons from sucrose at the end of
the batch run.

After a week of batch operation, we shifted the reactor to semi-continuous mode along with an
increase in buffer concentration to 100 mM bicarbonate and a decrease in sucrose influent
concentration to 10 mM. Semi-continuous operation involved replacing 200 mL of the medium
once a week. Corresponding to this change, the product distribution shifted to almost all
acetate (~75% of the total electrons), along with some propionate (7% of total electrons) and
the rest as biomass (Figure 6.1), after 23 days of semi-continuous operation. The pH in the
reactor remained steady at around 7.
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Figure 6.1. Electron flow distribution during batch (up to day 7) and subsequent semi-
continuous (day 30) operation of fermentation reaction fed with sucrose. The electron balance
shifted from lactate, acetate, formate, and propionate during batch operation to predominantly
acetate during semi-continuous operation.
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We obtained pellets from the suspension of the semi-continuous reactor after 2 months of
steady-state operation. We extracted DNA from the pellets after freezing them overnight at -
20 °C using RNeasy Blood and Tissue kit according to manufacturer’s instructions along with
modifications according to Ziv-El et al (2011). We quantified the extracted DNA using a
Nanodrop spectrophotometer. We amplified the 16S rRNA gene for general bacteria using
primers 8F and 1525R (Lane, 1991), after which the PCR products were purified for clone library
preparation. We performed clone library analysis using TOPO TA cloning kit for sequencing,
according to manufacturer’s instructions. We sequenced the inserted PCR products and
analyzed the closest match with BLAST software. A total of 63 clones were picked (Figure 6.2).
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Figure 6.2. Clone library analysis based on the 16S rRNA for the sucrose enrichment culture that
converted sucrose predominantly to acetate and some propionate.

The obligate anaerobic fermentative bacterium, Geosporobacter subterraneus, comprised
around 19% of the total clones. Geosporobacter belongs to the Clostridiales order and it
ferments sugars such as glucose and sucrose, to mainly acetate, H,, and CO, with a growth
optimum temperature of 42 °C and pH of 7.3 (Klouche et al, 2007). Soehngenia saccharolytica,
belonging to cluster Xl of Clostridia, accounted for 14% of the clones - it is anaerobic,
aerotolerant, and saccharolytic, with major end products of sugar fermentation being acetate,
formate, H,, CO,, and ethanol (Parshina et al, 2003). Citrobacter amalonaticus (13% of total
clones) belongs to the Enterobacteriaceae family and is known to perform biological water gas
shift reaction to produce hydrogen gas from carbon monoxide (Robaire, 2006) when
supplemented with glucose/sucrose as carbon source.
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Ruminobacillus xylanolyticum is another know genus of heterotrophic homo-acetogens that
posses the capability to produce acetate either from sugars or from H,/CO, (Drake HL, 1994).
Since the enrichment was obtained from the suspension of an MEC anode, we also observed
Geobacter sp. (11%) and Geobacter sulfurreducens (6%). However, their role towards sucrose
fermentation is unclear. Actinomyces sp. (10% of total clones) and Bacteroides sp. (3%) are
often associated with anaerobic biofilms such as MEC anodes. However, their role with respect
to sucrose fermentation is also unknown.

To determine the possibility of achieving high Coulombic efficiencies from sucrose, the homo-
acetogenic culture described above was combined with a highly enriched with Geobacter sp. in
flat-plate MEC anodes producing high current densities (described in Section 4). We first
acclimatized the acetate-fed ARB grown in the flat-plate MEC with 100 mM phosphate buffer
solution to anaerobic media containing 100 mM NaHCOs;. After the medium change, a steady
current density of 300 A/m>snede Was sustained for a few days under continuous mode of
operation, at which point we shifted to batch mode so as to starve the biofilm (Figure 6.3).
When the current density dropped to around 10% of the maximum value (~ 30 A/M1n0ge), We
replaced the anode content with the basal sucrose enrichment medium through continuous
flow, but without sucrose addition (Figure 6.3).
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Figure 6.3. Volumetric current density for the acetate-fed flat plate MEC before the electron-
balance experiment with the sucrose co-culture.

We started the electron balance experiment with the sucrose co-culture, after waiting for three
HRTs (1 HRT = 9 hours) to ensure sufficient medium replacement. Then, we separately added a
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pellet of the sucrose enrichment culture and 5 mM sucrose into the anode chamber. We
obtained an initial sample from the MEC anode at time t = 0 for quantifying the exact amount
of sucrose and other organic acids by high performance liquid chromatography (HPLC)
equipped with BIORAD Aminex HPX-87H column for sugars and volatile acids analysis. Sucrose
analysis employed water as the eluent phase, while the column was kept at 30 °Cand a
refractive index detector (RID) served as the detector. We analyzed volatile acids and alcohols
using methods described in Parameswaran et al (2009).

Current density increased instantaneously to 27 A/m3 after the spike, and then it increased
rapidly over the next several hours to reach a maximum value of 150 A/m? (Figure 6.4). This is
half the maximum current density under acetate-fed conditions. The maximum current density
was sustained for about 6 hours, after which it rapidly declined to stabilize around 20 A/m>.
HPLC analysis indicated that the influent sucrose concentration was 5.6 (+0.02) mM, while no
sucrose was detected at the end of the batch operation. We did not detect acetate or other
volatile acids at the start or end of the batch run. Coulombic efficiency, based on sucrose
removal, was 97% (Figure 6.4). Current from decaying biomass in the biofilm anode could be a
significant fraction of the observed current density, as indicated by the tail end of Figure 6.4,
which was still hovering around 20 A/m? for about 2 days. A conservative estimate of
Coulombic efficiency after discarding all current density observed after 2.5 days still is 82%.
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Figure 6.4. Batch sucrose co-culture MEC operation indicating the observed current density and
Coulombic efficiency.
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Recent research with sucrose- fed microbial fuel cells have shown Coulombic efficiencies
ranging from 4% in single chamber MFCs (Beecroft et al., 2012) to a maximum of 92% in two-
stage modular MFCs (Kim et al., 2010). Our results are a first documentation of very high
Coulombic efficiency from sucrose during combined fermentation + anode respiration in a
single-step MEC anode.

7. Summary and Conclusions

An MFC is a complex biological and electrochemical reactor in which different processes should
be optimized in order to maximize current and power outputs. Throughout our project, we
optimized materials, configurations, cathodic reactions, and microbial communities. The
selection of anode materials proved to be an important parameter to optimize an MFC. Certain
materials, such as stainless steel, reduce ARB performance and current production. On the
other hand, the selection of an AEM that minimizes potential losses in an MFC yielded only a
small improvement in the overall performance of the MFC. Our results show that most of the
potential losses in an MFC occur at the cathode, where a pH gradient creates a concentration
overpotential that can be responsible for the loss of up to ~“30% of the energy available in an
MFC. We provide a few strategies to minimize pH gradients and prevent potential losses.

Based on the analysis above, we built and tested a prototype MFC that produced up to 500
A/Manode-. An important characteristic of our MFC prototype is the short distance between
anode and cathode (< 0.5 cm). Based on our calculations, this short distance is required to
achieve high power densities in an MFC. Longer distances between anode and cathode result in
prohibitively large Ohmic losses that reduce the operating potential of the MFC.

Finally, we optimized a microbial community for the consumption of sucrose, achieving a
Coulombic efficiency of > 90%. Our experiments show the importance of optimizing microbial
communities in MFCs in order to maximize electron recoveries. Combining our individual
results, we have made significant progress towards the development of an efficient sucrose-fed
microbial fuel cell.
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Importance of OH™ Transport from Cathodes in Microbial

Fuel Cells

Sudeep C. Popat, Dongwon Ki, Bruce E. Rittmann, and César I. Torres*"

Cathodic limitation in microbial fuel cells (MFCs) is considered
an important hurdle towards practical application as a bioener-
gy technology. The oxygen reduction reaction (ORR) needs to
occur in MFCs under significantly different conditions com-
pared to chemical fuel cells, including a neutral pH. The
common reason cited for cathodic limitation is the difficulty in
providing protons to the catalyst sites. Here, we show that it is
not the availability of protons, but the transport of OH™ from
the catalyst layer to the bulk liquid that largely governs catho-
dic potential losses. OH™ is a product of an ORR mechanism
that has not been considered dominant before. The accumula-
tion of OH™ at the catalyst sites results in an increase in the
local cathode pH, resulting in Nernstian concentration losses.

Introduction

Microbial fuel cells (MFCs) are devices in which anode-respiring
bacteria (ARB) oxidize organic compounds and transfer elec-
trons to an electrode." These electrons move through a circuit
to a cathode, where oxygen is reduced, usually on a metal cat-
alyst, although biological entities, including microorganisms
and enzymes, can also be used as catalysts."" MFCs provide
a tremendous opportunity to achieve sustainable wastewater
treatment as it is possible to recover energy from the organics
present in wastewater directly as electrical power."*? The max-
imum available voltage in an MFC is approximately 1.1V, on
the basis of the redox potential for the oxidation of acetate,
a commonly used electron donor, and the complete reduction
of O, to water or OH™, both at pH7."® Note that near-neutral
pH is required for the optimum growth and activity of ARB at
the anode.”’

Cell voltages obtained with appreciable current densities are
typically less than 0.5V, resulting in poor voltage efficiency
and low power densities.”* Kinetic studies of ARB have re-
vealed that maximum current densities (~10 Am™) can be
achieved with anodic potential losses of only 0.1-0.2 V.*! More
recently, current densities of up to 30 Am~2 have been ach-
ieved with similar potential losses when using 3D anodes.®
On the other hand, cathodic potential losses at these current
densities, when using metal catalysts, have been shown to be
>0.5 V.27 This clearly underscores the need to improve cath-
ode performance to make MFCs more efficient. In this study,
we aimed to elucidate the crucial factors that lead to cathodic
limitation in MFCs. We focus primarily on cathodes based on
metal catalysts as current densities achieved with biological
catalysts are yet too low for any practical application.
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For Pt-based gas-diffusion cathodes, using polarization curves
developed in unbuffered and buffered solutions, we quantified
this loss to be >03V at a current density of 10Am 2
We show that this loss can be partially overcome by replacing
the Nafion binder used in the cathode catalyst layer with an
anion-conducting binder and by providing additional buffer to
the cathode catalyst directly in the form of CO,, which results
in enhanced OH™ transport. Our results provide a comprehen-
sive analysis of cathodic limitations in MFCs and should allow
researchers to develop and select materials for the construc-
tion of MFC cathodes and identify operational conditions that
will help minimize Nernstian concentration losses due to pH
gradients.

The typical 4e” oxygen reduction reaction (ORR) proceeds
on metal catalysts through either of the following two mecha-
nisms, depending on the reaction conditions [Egs. (1) and (2)]:

0, +4e +4H" — 2H,0 (1)

0, +4e +2H,0 — 40H" (2)

A common perception among researchers working on MFCs
is that the ORR proceeds through the mechanism shown in
Equation (1) as is the case for cathodes in proton exchange
membrane (PEM) fuel cells."*>>? However, cathodes in MFCs
are subjected to significantly different conditions than in PEM
fuel cells, for example, direct contact with an electrolyte at
neutral pH. Thus, we first analyze whether this minimal avail-
ability of protons as reactant can support the cathodic current
densities typically observed in MFCs. We use the case of gas-
diffusion cathodes throughout this study as these are the most
popular and practically feasible form of cathodes currently
developed.

We show in Scheme 1a a schematic of the cathode structure
in MFCs as it is used in single-chamber MFCs. This includes

[a] Dr. S. C. Popat, D. Ki, Dr. B. E. Rittmann, Dr. C. |. Torres
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http://dx.doi.org/10.1002/cssc.201100777.

SWILEY g

ONLINE LIBRARY

1071



CHEMSUSCHEM

(@ Bulk Diffusion Cathode S
Liquid Boundary o Catalyst 2
Layer Layer 20
pH=7 Y & Lay =
PR SLELAY O T
E. . (%)
| 8
Pl | : .
/" Metal Catalyst / RN g:rbon
/ - . . pport
s Binder + Void Space  ™~._
®) [H1=107 m I =9X1010
> mmol cm2 s~
[H] =~0M
L =100 pm

Scheme 1. (a) Schematic of the cathode structure in MFCs. (b) Hypothetical
case of proton transport through the diffusion boundary layer. The flux of
protons was determined using Fick’s first law of diffusion with a diffusion
coefficient of protons=9x107° cm?s'.®

a gas diffusion layer to allow efficient O, transport to the
active catalyst sites, the cathode catalyst layer that is com-
prised of the metal catalyst (usually supported on carbon) and
an ion-conducting catalyst binder to create a three-phase
boundary required for the ORR, and a diffusion boundary layer
at the interface with the bulk liquid. If the ORR proceeds on
cathodes in MFCs through the mechanism shown in Equa-
tion (1), the flux of protons through the catalyst layer and the
diffusion boundary layer has to be sufficient to support the
current densities of 5-10 Am~2 that are usually observed. This
transport of protons occurs mainly through diffusion, accord-
ing to Fick's law [Eq. (3)]:

o = DG = GE) ©)
L

where Jy. is the rate of transport of protons from the bulk
liquid to the catalyst sites [mmolcm™2s7'], C° and C*,. are
the bulk liquid and the local cathode concentrations of pro-
tons, respectively [mmolcm™], Dy is the cumulative diffusion
coefficient of protons in the combined catalyst and diffusion
boundary layers [cm?s™'], and L is the entire length of diffusion
[em].

The maximum concentration gradient that can exist for the
transport of protons through the diffusion boundary layer,
when the bulk liquid is at pH7, is approximately 107" m
(Scheme 1b). We need to assume a thickness L for the diffu-
sion boundary layer to determine the flux of protons through
it. This thickness depends on the hydrodynamic conditions at
the interface, and the smallest value is tens of microns for
well-stirred solutions.”) However, MFCs are typically unstirred
or mildly stirred; thus, this diffusion boundary layer can easily
be >100 um thick.”’? Assuming a 100 um thick diffusion boun-
dary layer, we determined that the maximum flux of protons
through it will be approximately 9x107'° mmolcm=2s~". This
corresponds to a maximum current density of only approxi-
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mately 8.5x 1072 Am™2, which is about three orders of magni-
tude lower than the typically observed current densities in
MFCs. This analysis does not include the resistance to proton
transport in the cathode catalyst layer, which will further
reduce the actual flux to the active catalyst sites. Thus, we con-
clude that the ORR cannot proceed on cathodes in MFCs
through the mechanism shown in Equation (1); it must occur
through the mechanism shown in Equation (2), as it does in al-
kaline fuel cells."” Other authors have already suggested that
the ORR, in electrolytes with a neutral to alkaline pH, proceeds
through the latter mechanism, irrespective of the metal cata-
lyst used."" Note that our analysis here applies not just to gas-
diffusion cathodes in single-chamber MFCs, but to any cathode
containing a metal catalyst that is bound onto a support (e.g.,
carbon cloth) with a polymeric binder and/or surrounded by
bulk electrolyte, either liquid or membrane, at neutral pH.

An important implication of the mechanism shown in Equa-
tion (2) is that it is OH™ transport, not proton transport, that
governs cathode performance in MFCs. An inability to rapidly
transport OH™ from the active catalyst sites to the bulk liquid
will result in an increase in its local concentration, leading to
concentration overpotential (4..,). Cathodic 7., in chemical
fuel cells is often associated with mass transport limitations of
0, (a reactant) at high current densities."? As we will explain
in the next section, 7. in MFCs can occur even at low current
densities as a result of Nernstian losses due to an increase in
the local concentration of OH™ (a product) and, hence, local
cathode pH value. From the Nernst equation, every increase in
one pH unit decreases the redox potential for the ORR by ap-
proximately 59 mV (at room temperature)."” We hypothesize
that this Nernstian 7., a result of poor OH™ transport (re-
ferred to from hereon as #;04), could contribute significantly
to the cathodic potential losses typically observed in MFCs.

We show in Scheme 2 that resistances to OH™ transport
exist in the cathode catalyst layer and the diffusion boundary
layer. The flux of OH™ through each layer depends on the diffu-
sion coefficients of OH™ in each (Dgy-), as well as the thickness
of each (L). To transport OH™ from the active catalyst sites to
the bulk liquid, the presence of an OH™ concentration gradient
is necessary. However, to minimize 74, we must also mini-
mize the OH™ concentration gradient. Therefore, it is essential

N o4
Bulk Diffusion Cathode.
e Boundary Catalyst. -
Layer 4 Layer {7 [N
pH=7 .. - Iy
PR S
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£
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Scheme 2. Schematic of OH™ transport from the cathode catalyst layer to
the bulk liquid. Doy~ and L are represented as cumulative parameters for the
diffusion boundary layer and the cathode catalyst layer together.
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to have a very large Dg,-/L, so that a high flux of OH™ can be
maintained with smaller concentration gradients; this leads to
a lower local pH value for a specific current density (or rate of
OH™ production). 5oy is important in MFC cathodes because
the bulk liquid has a very low concentration of OH™ (= 107" m),
and even low current densities and concentration gradients
will lead to significant losses. In contrast, alkaline fuel cells
have an electrolyte at pH 14 ([OH"]=1m); even at modest cur-
rent densities and concentration gradients, the pH increase is
negligible, thus making #,y; unimportant. The same holds
true also for 7,4 (i.e., the Nernstian concentration overpoten-
tial related to lower local proton concentration) in PEM fuel
cells, where consumption of protons at moderate current den-
sities hardly changes the local cathode pH value.

Potential losses based on the pH value are often acknowl-
edged in MFCs when a membrane is used to separate the
anode and the cathode chambers." These occur because cat-
ions other than protons (the product of anode respiration) are
transported from the anode to the cathode through the cation
exchange membrane typically used. The transport of other cat-
ions (instead of protons) results in a decrease in the pH value
of the anode chamber and an increase in the pH value of the
cathode chamber."¥ A common approach taken to avoid these
losses is to exclude the membrane."” However, we stress here
that pH-based losses associated with the cathode could occur
even in the absence of the membrane because of OH™ trans-
port limitation in the cathode catalyst and diffusion boundary
layers.

Based on OH™ transport, we argue that current MFC designs
lead to a considerable 1,0, ; in cathodes. The first reason stems
from the anion-conducting properties of the catalyst binder
used for creating a three-phase boundary for the ORR. As an
extrapolation from its use in PEM fuel cells, Nafion has been
the binder of choice in cathodes in MFCs."™ However, Nafion
contains sulfonate moieties that are efficient in transporting
cations, but provide significant resistance to the transport of
anions." Using Nafion as the binder in cathodes in MFCs
should thus lead to small Dy, /L values for the cathode catalyst
layer, which would result in a high local concentration of OH™
and high local cathode pH value. Recent studies have shown
that increasing the sulfonation of the binders used in cathodes
in MFCs results in poorer performance, whereas replacing
Nafion with a polymer that lacks sulfonate moieties or exclud-
ing the binder altogether results in lower cathodic potential
losses, indirectly corroborating our hypothesis here"” The
second reason is the lack of sufficient agitation, which results
in a significant diffusion boundary layer, as we mentioned earli-
er. Decreasing the diffusion boundary layer thickness would re-
quire increasing the agitation rates, which presents a challenge
for the practical application of additional electrical energy
input.

We note that buffers used in MFCs could aid in OH™ trans-
port through the cathode catalyst and diffusion boundary
layers. For example, when phosphate is used as a buffer, the
H,PO,” species can deprotonate to HPO,2~, which acts as an
OH~ carrier. However, the diffusion coefficients of carriers such
as HPO,>™ in water are an order of magnitude lower than that
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of OH."¥ In addition, Nafion provides significant resistance to
transport of these anions in the cathode catalyst layer. An
increase in local pH would rapidly lead to unfavorable concen-
tration gradients for the relevant buffer species. Thus, we antic-
ipate that buffers will be able to aid in OH™ transport only in
a certain range of current densities, which is as yet un-
determined.

In this study, we aimed to determine the magnitude of 7,0,
as a result of the increase in the local OH™ concentration in
MFC cathodes by using gas-diffusion cathodes as they are
used in single-chamber MFCs as an example. We used polariza-
tion curves developed for cathodes under various conditions
in gas-diffusion half cells to show that these losses are signifi-
cant and can explain the poor cathode performance in MFCs
compared to chemical fuel cells. We also show that phosphate
buffer helps decrease 7,0, only at low current densities;
higher current densities make it impossible to maintain a neu-
tral local cathode pH value. We also show that these losses can
be mitigated to some extent by replacing Nafion as the cata-
lyst binder with an anion-conducting polymer, which results in
significantly larger D/L values for OH™ and the anionic buffers.
Finally, we show that providing an additional OH™ carrier to
the cathode in the form of CO,, which is fed in a mixture with
air, further improves cathode performance by reducing the
local cathode pH value and, thus, 7,o4.

Overview of potential losses

We describe here some fundamentals of electrochemical reac-
tion kinetics and associated potential losses that we use to elu-
cidate the importance of OH™ transport in cathodes in MFCs."”
For all electrochemical reactions occurring on an electrode sur-
rounded by an electrolyte, two types of potential losses occur
under polarized conditions. The first is the activation loss (77,.),
which is associated with the potential barrier of the reaction.
The relationship between electrical current density (j) and 7,
is described by the Butler-Volmer equation [Eq. (4)], which is
shown here for ORR:

Cg anfna C* —(1=a)nFnaa
. . —fact OH ——— " Tact
j=Jo (—CZ e e W (4)

where j,, a, and n are the exchange current density [Am~],
charge transfer coefficient, and the number of electrons trans-
ferred, respectively, which are properties of the catalyst used
for the ORR (Pt in our experiments). Briefly, j, is the back-
ground current density at zero net overpotential, and « is the
fraction of the thermodynamic potential available at the elec-
trode—electrolyte interface that helps to lower the activation
energy. C* denotes the actual concentrations at the catalyst
surface, whereas C** stands for reference concentrations. Note
that the term associated with the product (OH™) concentra-
tions in Equation (4) becomes negligible with increasing 7,.
As we will show later, this is the case for ORR on Pt at current
densities typically observed in MFCs. Consequently, we use the
Butler-Volmer equation in this simpler form [Eq. (5)]:
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. 3 C * anFic
J=m(C$eRT) (5)

Equation (5) should describe cathode polarization curves as
long as the only potential loss occurring is due to the activa-
tion barrier. Deviation from this equation indicates a second
potential loss associated with the concentrations of the reac-
tants and products (17.n)- The concentration of O,, which is
a reactant for the ORR, results in overpotentials in two ways.
The first way occurs via directly affecting the kinetics described
by the Butler-Volmer equation, where a decrease in C*,, de-
creases the electrical current. The second results from an effect
on the reversible thermodynamic voltage described by the
Nernst equation. We assume that concentration overpotentials
related to O, are negligible in MFC cathodes as these typically
occur at very high current densities that are not yet achieved
in MFCS.“Z'ZO]

Any deviations in cathode polarization curves from those
calculated by using Equation (5) must be due to concentration
losses associated with the product (OH™, #04). OH™ concen-
trations affect the reversible thermodynamic voltage according
to Equation (6):

Mon-] = Egz/OH* — ES, jon-
RT RT
:P_ﬁm%ﬂ_h_ﬁw%ﬂ

_RT (CL
=nF " (ng)

It is evident from Equation (6) that an increase in the local
concentration of OH™ (C*y,-) leads to an increased 7051 C¥on-
is directly related to the rate of transport of OH™ from the cata-
lyst to the bulk liquid (J) through Fick’s law, which for OH™
transport can be written as:

; _ Do (CSHL — o) (7)

In this study, we use the above concepts to determine C*yy-
and D, /L for cathodes in MFCs using polarization curves ob-
tained in unbuffered solutions. We also extend our analysis to
cathode performance in phosphate buffer, for which we deter-
mine ion -

Results and Discussion
Cathode performance in unbuffered solution

We first used linear sweep voltammetry (LSV) to obtain polari-
zation curves for Pt-based gas-diffusion cathodes constructed
with Nafion binder in unbuffered 100mm NaClO, solution at
pH7.5, 10.8, or 13. The curves are shown in Figure 1. We ob-
tained at least three polarization curves for each condition and
show one representative set here. We provide an additional
representative set in the Supporting Information as Figure S1.
All replicate curves followed the same trend as shown here.
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Figure 1. Polarization curves of Pt-based gas-diffusion cathodes constructed
with Nafion binder in 100mm NaClO, solution at different pH values.

As we have already mentioned, activation losses should not be
different among the different conditions we tested, per
Equation (5).

It is evident from Figure 1 that the cathode in pH7.5 solu-
tion had the largest potential losses, particularly at low current
densities. The cathode in pH7.5 solution had the highest open
circuit potential (OCP), a result of the lower initial pH value.
Even so, the OCP was lower than the thermodynamic equilibri-
um potential of 0.78 V versus SHE (at pH7.5), as expected for
the 4e~ ORR. This loss on OCP (7,.q) Can be attributed to
mixed potential caused by the competing 2e~ ORR that produ-
ces H,0, (or HO,") and has a thermodynamic equilibrium po-
tential of 0.26 V versus SHE (at pH7.5).2"

The difference in potential for the cathode in pH7.5 solution
versus the cathodes in higher pH solutions was only main-
tained at current densities <1 Am™2 indicative of high poten-
tial losses at low current densities. These losses also decreased
with an increasing bulk liquid pH value, indicating that they
are related directly to the concentration gradient for OH™ be-
tween the bulk liquid and the cathode. An effect of O, concen-
tration on these losses can be ruled out as these current densi-
ties are well below what would cause losses due to O, limita-
tion. Also, any losses due to O, limitation would not be a func-
tion of the bulk liquid pH value.

Eventually, all cathodes converged to the same potential at
high current densities. 7, should be similar among the differ-
ent conditions we tested here, per Equation (5), as it is related
to the intrinsic properties of the catalyst used (Pt). #mied
should also be similar. Therefore, the convergence of the cath-
ode potentials suggests that they all reach the same local pH,
irrespective of the bulk liquid pH value. This experiment thus
provides the first indication of the importance of OH™ trans-
port from cathodes and its resulting impact on #gy-.

We assume that #,0,; for the cathode in pH13 solution
should be negligible because, at the current densities tested,
the local concentration of OH™ is not likely to increase by
more than a few times the bulk liquid OH™ concentration; thus
Non. If nonzero, would have been only a few tens of mV,
compared to the other two conditions, for which it was likely
to be hundreds of mV. We thus used the polarization curve for
the cathode in pH 13 solution to determine the parameters re-
lated to catalyst activity, that is, j, and a.
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At large values of 7, the Butler-Volmer equation simplifies
to the Tafel equation [Eq. (8)]:

anFn,q
ac 8
RT (8)

Inj=Inj, +
to which the polarization curve can be fitted after including
Nmxed- We obtained j, and « values of 9.5x10 % Acm™? and
0.195, respectively, as the averages from fitting the three polar-
ization curves in pH13 solution to the Tafel equation (Fig-
ure S2). These values are within the ranges that are typically
observed for Pt for the 4e~ ORR.?? Using the obtained values
from the Tafel plot, the Butler-Volmer equation predicts the
potential losses of the cathode in pH 13 solution (Figure S3).

Next, we used the j, and a values to predict the #»,con-
trolled response (including 7,4 of the cathode in pH7.5
solution using Equation (5) (shown in Figure 2). The actual re-
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Figure 2. Comparison of polarization curve of Pt-based gas-diffusion cath-
ode constructed with Nafion binder in 100mm NaClO, solution at pH7.5
with curves predicted from the Butler-Volmer equation without and with
OH™ diffusion limitation, and the predicted local cathode pH value as a func-
tion of current density resulting from OH™ diffusion limitation.

sponse of the cathode was controlled by an additional overpo-
tential, which should be 7,04;. We thus performed further anal-
yses to determine the transport properties of OH™ and the re-
sulting local pH that would correspond to the 7oy, observed.
The total potential loss for the cathode can be represented as
Equation (9):

Niotal = Nact T Mimixed T 77[OH’] (9)

By using Equations (5), (6), and (9), the local concentration of
OH™ could be obtained as a function of 7, and thus the
local cathode pH value could be determined. We show the
local cathode pH value as a function of the current density in
Figure 2. The pH value increased to > 11 very rapidly at current
densities <1 Am™2 and was >12.5 at 10 Am~2 We fitted the
local concentration of OH™ to Equation (7) to determine the
cumulative Dgy-/L value for OH™ transport through the cath-
ode catalyst layer and diffusion boundary layer. A good fit was
observed for a Dy, /L value of 0.00034 cms™' (Figure 2). If we
assume that Dgy- in Nafion is similar to that in water, this Dgy-/
L value corresponds to a diffusion length of around 1.550 mm.
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This length seems unreasonable, confirming that a large trans-
port resistance exists in the cathode catalyst layer due to low
Doy in Nafion. Hence, the cathode catalyst layer caused a sig-
nificant #,04-;. The Dgy-/L value determined here also fits the
polarization curve for the cathode in pH10.8 solution (Fig-
ure S4).

At 10 Am~2 the 7, and 7,;,.q cOMbined values are around
0.35V (Figure 2), calculated by using Equation (5), which is the
loss from the thermodynamic equilibrium potential of the ORR
(0.78V vs. SHE at pH7.5) to the calculated Butler-Volmer
curve. fon is approximately 0.35V, calculated as the differ-
ence between the Butler-Volmer calculation and the actual
data obtained. This analysis shows that a significant fraction
(~50%) of the cathode potential losses was due to 7oy -

Cathode performance in phosphate buffer

Although the above experiments were performed in unbuf-
fered solutions, a buffer is typically used in MFCs to maintain
the bulk liquid pH closer to neutral. This buffer could also help
to transport OH™ from the cathode to the bulk liquid. We thus
obtained polarization curves for Pt-based gas-diffusion cath-
odes constructed with Nafion binder in 100mm phosphate
buffer. Similar to the above experiments, we performed these
experiments in buffer solutions with different pH values, rang-
ing from 7.2 to 12.9. We show these polarization curves in
Figure 3. We performed at least three replicate LSVs and show
one representative set here. We provide an additional repre-
sentative set in the Supporting Information as Figure S5.
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Figure 3. Polarization curves of Pt-based gas-diffusion cathodes constructed
with Nafion binder in 100mm phosphate buffer at different pH values.

Potential losses for a given current density decreased with
increasing bulk liquid pH value (Figure 3). This trend is similar
to the performances in unbuffered solution (Figure 1) and
a result of higher 7,0, at lower bulk-liquid pH values. Further-
more, the phosphate buffer did not help maintaining the same
local cathode pH value as the bulk liquid pH value, even at
low current densities (<5 Am™), especially if the bulk pH was
8.3 or higher. This can be explained by the fact that the
second pK, value of phosphate buffer is 7.2. At a pH of 8.3 or
higher, the phosphate buffer exists primarily as HPO,?~ species,
and, thus, a favorable gradient for transport of OH™ cannot be
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obtained through the deprotonation of H,PO,” to HPO,*". The
local cathode pH value has to be close to the next pK,, 124,
for HPO,>~ to deprotonate to PO,’", to act as an OH™ carrier.
However, when the cathode was in bulk liquid of pH7.2 with
buffer, the potential losses were lower in the low-current den-
sity region (<5 Am™?), suggesting a benefit from the transport
of OH™ through deprotonation of H,PO,” to HPO,?". The use
of buffer to improve cathode performance has been shown
previously, although these experiments were performed at
pH 3.3 and with cathodes that did not contain a gas diffusion
layer;7¥ thus, it is not completely relevant to compare the rela-
tive improvement in performance with our results. In the
range of 3-5 Am~? a distinct change in the slope of the polari-
zation curve is observed, which is likely a result of the local
cathode pH value reaching the third pK, value of phosphate
(i.e., 12.4). At 10 Am~2 however, even the cathode in pH7.2
solution appears to have reached a high local pH value, evi-
dent from the large potential losses at this current density.

We next compared the experimentally obtained polarization
curve of the cathode in pH7.2 solution with the #,,-controlled
response (including #ieq) Of the cathode as determined by
using Equation (5). We show this comparison in Figure 4. The

0.9 3
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0.4 1
0.3 ]
0.2

Nactivation ¥ Mmixed

Cathode Potential / V vs. SHE

0.1 4 =—Experimental
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-0.1 T T T T - .
0 5 10 15 20 25 30

Current Density / A m2

Figure 4. Comparison of a polarization curve of a Pt-based gas-diffusion
cathode constructed with Nafion binder in 100mm phosphate buffer at
pH 7.2 with curves predicted from the Butler-Volmer equation without OH
diffusion limitation.

difference between the two provides a measure of 7y . At
a current density of 10 Am™, 74, was >0.3V, suggesting
that the local cathode pH value was already around five units
higher than the bulk liquid pH value. 7oy increased only mar-
ginally beyond this current density, as expected from the re-
sults in pH 12.9 solution. #oy-; was smaller at low current densi-
ties (<5Am™?), but still represented a significant potential
loss. For example, 5,044 was around 0.15V at 4 Am 2, corre-
sponding to a local cathode pH of approximately 9.7. This pH
value represents the tail end of where a favorable concentra-
tion gradient could exist for OH™ transport through deprotona-
tion of H,PO,” to HPO,>".
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Cathode performance in unbuffered solution with aniono-
mer binder

Having established that Nafion provides significant resistance
to OH™ transport, either directly or through phosphate buffer
as OH™ carrier, we hypothesized that replacing Nafion with an
anion-conducting polymer will result in improved cathode per-
formance through a lower 7,0, ; due to a higher Dy as well as
Dyer- Several polymers containing quaternary ammonium moi-
eties have a good anion exchange capacity and are available
from applications in anion exchange membrane (AEM) fuel
cells.” We selected one of these, AS-4 (Tokuyama Corpora-
tion), to validate our hypothesis. This particular polymer has
one of the highest anion exchange capacities of all anionomers
developed so far.*”

We obtained polarization curves for Pt-based gas-diffusion
cathodes constructed with AS-4 binder in unbuffered 100mm
NaClO, solution at pH7.2, 10.8, or 13, similar to our previous
experiments with cathodes constructed with Nafion binder. We
show the results in Figure 5 as one representative set out of at

o
)
)

pH

o
o
.

—-7.2

(=]
~
)

-10.8

o
w
.

o
(V)
,

o
O
|

Cathode Potential / V vs. SHE

T

0 5 10 15 20 25 30
Current Density / A m2

o

Figure 5. Polarization curves of Pt-based gas-diffusion cathodes constructed
with AS-4 binder in 100mm NaClO, solution at different pH values.

least three LSVs for each condition and we provide a replicate
as Figure S6 in the Supporting Information. Similar to the cath-
odes with Nafion binder, the potential losses at any given cur-
rent density decreased with increasing pH, suggesting that, de-
spite the presence of a different binder, 7,5, developed in
cathodes placed in solutions with lower pH values. However,
we observed a key difference for cathodes with AS-4 binder
compared to those with Nafion binder. The latter converged to
the same potential at current densities of approximately
20 Am~? irrespective of the bulk liquid pH value; however, in
the case of AS-4 binder, the cathodes in pH7.2 and 10.8 solu-
tions did not converge with the cathode in pH13 solution,
even at 30 Am~2 This difference indicates an improvement in
OH™ transport. To confirm that the intrinsic property of the
cathode catalyst had not changed, we fitted the polarization
curve for the cathodes in pH13 solution (n=3) to the Tafel
equation and obtained values of j, and a of 2.8x107° Acm™>
and 0.143, respectively (Figure S7). Although these values are
slightly different from those determined for the cathodes with
Nafion binder, they still lie in the range we would expect for Pt
for the ORR.*?
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Next, we used the j, and a values determined above to pre-
dict the #,-controlled response (including #,,q) Of the cath-
ode in pH7.2 solution using Equation (5). We show this in
Figure 6. Similar to the cathodes with Nafion binder, the actual
response of the cathode was controlled by an additional over-
potential, 7,04-5. By using Equations (5), (6), and (9), we deter-
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Figure 6. Comparison of a polarization curve of a Pt-based gas-diffusion
cathode constructed with AS-4 binder in 100mm NaClO, solution at pH7.5
with curves predicted from the Butler-Volmer equation without and with
OH™ diffusion limitation, and the predicted local cathode pH value as a func-
tion of current density resulting from OH™ diffusion limitation.

mined the local concentration of OH™, which showed that the
local cathode pH value increased rapidly. Compared to the
cathode with Nafion binder, the cathode with AS-4 binder was
able to maintain only a marginally lower local cathode pH at
a given current density. We further fitted the local cathode pH
value of the latter to Fick's law and we observed a good fit
(Figure 2) for Dg,-/L of 0.00058 cms™'. This is around 60%
higher than the value we determined earlier for the cathode
with Nafion binder; thus, replacing Nafion with AS-4 as the
binder improved OH™ transport. The magnitude of this im-
provement (60%) may appear large, but the relative benefit in
decreasing 7,04 Was negligible because 1, ; can be de-
creased by around 60 mV when D, /L is increased by a factor
of 10; thus, maintaining a pH value close to neutral would re-
quire increasing Dq,- for the binder approximately 10° times.

Cathode performance in phosphate buffer with anionomer
binder

Although the anion-conducting binder we tested here did not
seem to provide significant benefits over Nafion purely from
the perspective of direct OH™ transport, we hypothesized that
it still could allow better transport of phosphate buffer as the
OH™ carrier. We thus obtained polarization curves for Pt-based
gas-diffusion cathodes constructed with AS-4 binder in 100mm
phosphate buffer at pH7.2 and compared them to those for
cathodes constructed with Nafion binder. We show this com-
parison in Figure 7 as one representative set out of at least
three LSVs for each cathode. We provide a replicate curve as
Figure S8 in the Supporting Information. Compared to the
cathodes with Nafion binder, potential losses for the cathode
with AS-4 binder were lower. As we expect 7,, to be the same

ChemSusChem 2012, 5, 1071-1079

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cuemsuscHEM FULL PAPERS

0.7 j

06 1 =Nafion

0.5 1 —AS-4

0.4 ] AS-4 with CO,

0.3 1
0.2 1
0.1 4
0.0 1

-0.1 T T . T !
0 10 20 30 40 50

Current Density / A m2

52 mV

Cathode Potential / V vs. SHE

Figure 7. Comparison of polarization curves of Pt-based gas-diffusion cath-
ode constructed with Nafion and AS-4 binders, the latter with and without
CO, feed to the cathode, in 100 mm phosphate buffer at pH7.2.

for both cathodes, the improved performance of the cathode
with AS-4 binder is a direct result of a decrease in 7,p,-;. Within
the range of current densities typically observed in MFCs, 7,04
for the cathode with AS-4 binder was up to 157 mV lower than
that for the cathode with Nafion binder, indicating a significant
improvement in D/L for the phosphate buffer. Considering this
result, we suggest that Nafion as the cathode catalyst binder
in MFCs be replaced with anion-conducting binders such as
the one we used here.

The maximum saving in 7,4 of 157 mV at 7.5 Am™? sug-
gests that the local cathode pH value was about 2.6 units
lower with the AS-4 binder. As the cathode with the Nafion
binder was close to a local pH 12 at this current density (as we
determined previously), the local cathode pH value with AS-4
binder was approximately 9.4. This still represents a significant
remaining 704 (=~ 140 mV) and, thus, opportunity to improve
the cathode performance remains. One of the ways that this
could be achieved is by using anion-conducting binders with
higher anion exchange capacities, such as those containing
quaternary phosphonium groups. These have shown anion ex-
change capacities at least 2-3 times those of polymers contain-
ing quaternary ammonium groups.”

A second way to improve cathode performance would be
through providing additional buffer in the form of CO,. We
have shown in the past that adding CO, to the cathode cham-
ber in MFCs containing a membrane helps to transport OH™
across the membrane.” Similarly, adding CO, even in mem-
brane-less systems should allow enhanced OH™ transport from
the cathode catalyst to the bulk liquid. H,CO; (hydrated CO,)
would deprotonate to HCO;, thus acting as an OH™ carrier.
The advantage of providing CO,, especially to gas-diffusion
cathodes, is that it can be delivered directly to the catalyst
sites through the gas-diffusion layer, compared to phosphate
buffer, which suffers from the same diffusion limitations as
OH™. Also, the second pK, of the CO, buffer system is 10.3,
which would allow a lower cathode pH value to be maintained
at higher current densities than phosphate through OH™ trans-
port by the HCO;7/CO,* couple. We thus obtained polariza-
tion curves for the cathodes constructed with AS-4 binder with
CO, feed (5% mixture with air). We show a representative
curve in Figure 7. It is apparent that CO, addition did not sig-
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nificantly help in the region of low current densities
(<5Am™) as phosphate was already partially aiding OH~
transport, and thus 04 was small. However, CO, addition re-
sulted in lower 7,0 at higher current densities. Compared to
the cathode with Nafion (and no CO,), 04 Was around 120-
140 mV lower for the cathode with AS-4 with CO, addition,
thus representing a local cathode pH value close to 10. We
thus conclude that enhanced OH™ transport occurred through
the deprotonation of H,CO; to CO,*".

Our cumulative results clearly indicate the importance of
OH™ transport from cathodes in MFCs. Although we report
values of potential losses here specifically for gas-diffusion
cathodes as they are used in single-chamber MFCs, our find-
ings related to OH™ transport limitations also should apply to
all MFCs with a cathode containing a polymer binder and/or
surrounded by bulk electrolyte at neutral pH as well as to en-
zymatic fuel cells that use an abiotic cathode under similar
conditions. We have shown that replacing Nafion as the cata-
lyst binder with an anion-conducting binder and providing
CO, to the cathode as an additional OH™ carrier improves OH™
transport, thus reducing 7o Although we used gas-diffusion
half cells and thus cannot demonstrate directly the effect of
improving OH™ transport on power densities in MFCs, we can
estimate these by using a realistic case. We assume an MFC
with equally sized electrodes, with an anode producing
75Am™2 at —0.1V versus SHE. At this current density, the
cathode potentials would be 0.176 V versus SHE with Nafion
binder and 0.333 V versus SHE with AS-4 binder. We need to
estimate the Ohmic losses for this system, which we do by as-
suming using a 100mm phosphate buffer (conductivity of
~15mScm™) and a distance of 2 cm between the anode and
the cathode, as is typically used in laboratory MFCs; this gives
an Ohmic loss of around 0.1 V. Hence, the MFC with the cath-
ode with Nafion binder would produce a power density of
1.3 Wm™, which is similar to those obtained experimentally by
other groups.”®'72%?"1 |n comparison, the cathode with AS-4
binder would produce a power density of 2.5 Wm™2 This con-
stitutes an increase in power density of >90% strictly achieved
by replacement of the cathode catalyst binder.

Conclusions

We have shown here that sluggish transport of OH™ from the
cathode catalyst layer to the bulk liquid results in considerable
potential losses in microbial fuel cell (MFC) cathodes. For gas-
diffusion cathodes, we determined the combined Dg,, /L value
for the cathode catalyst layer and the diffusion boundary layer
at the interface with the bulk liquid to be 0.00034 cms™', con-
firming that the use of Nafion as the catalyst binder significant-
ly impedes OH™ transport. We also determined that phosphate
buffer does not help maintaining a neutral cathode pH value.
At a current density of 10 Am~2 this pH-based potential loss
was >0.3V, representing a significant fraction of the overall
cathodic potential loss.

We also showed that replacing the Nafion binder with an
anion-conducting binder, here AS-4, partially improved cath-
ode performance through an increase in Dg,/L to
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0.00058 cms ™' as well as improved transport of buffer species.
At a current density of 7.5 Am™, potential losses with AS-4
binder were approximately 157 mV lower than those with
Nafion binder, representing a decrease in local cathode pH
value by around 2.6 units. The pH-based potential loss can be
decreased further, especially for high current densities, by pro-
viding CO, directly to the cathode as an acid. This occurs as
a result of buffering close to pH10.3 (second pK, of the car-
bonate species), compared with the phosphate buffer only, for
which the relevant pK, is 12.4.

Experimental Section
Cathodes

We prepared cathodes (9 cm?) from 30% wet-proofed carbon cloth
gas-diffusion layers coated with a microporous carbon layer
(MPCL) on one side (Electrochem Inc., USA). We prepared catalyst
ink using 0.5 g of 30% Pt/C powder (Electrochem Inc., USA) mixed
in 5 mL of 5% ionomer in isopropanol solution (Nafion, Sigma-Al-
drich, USA, or AS-4, Tokuyama Corporation, Japan) by sonication
for 30 min and magnetic stirring for 24 h, as binder, and applied it
to the side of cathodes opposite to the MPCL by using a paint
brush. We used a Pt loading of 0.5 mgcm ™ on all cathodes.

Gas-diffusion half cells

We constructed gas-diffusion half cells (3cmx1.8cmx3cm) as
Plexiglass chambers of around 16 mL volume closed at one end.
We placed the cathodes at the other end with the catalyst-coated
side facing inside (towards the solution) and the MPCL outside (to-
wards air). We used a saturated calomel electrode (+0.244V vs.
SHE) as the reference electrode and placed it inside the cells at
a distance of 5 mm from the cathode. We used a stainless steel
rod as the counter electrode (~9cm? 5mm diameter). We ob-
tained LSVs for the cathodes in 100mm phosphate buffer, pre-
pared with 65mm Na,HPO, and 35mm NaH,PO,H,0, and adjusted
the buffer solution to pH values of 7.2, 8.3, 9.8, 11.2, and 12.9 by
using different amounts of 4m NaOH. We also conducted experi-
ments in the absence of buffer using 100mm NaClO, in deionized
water, adjusting the pH values to 7.2 (or 7.5), 10.8, and 13 by using
different amounts of 4m NaOH. We also conducted some experi-
ments with CO, fed to the cathode mixed with air at concentra-
tions of 5%. For these experiments, we added a Plexiglass cham-
ber to the cathode side to which we fed the gas mixture at a flow

rate of 100 mLmin~".

Electrochemical analyses

We performed LSVs on all cathodes at 30°C by using a potentiostat
(Princeton Applied Research, USA) at a scan rate of 1 mVs™'. We
performed iR correction for all LSVs to correct for the Ohmic loss
between the reference electrode and the cathode, by using an
average Ohmic loss as measured from around 20 impedance spec-
troscopy measurements at 100 kHz with an amplitude of 10 mV.
For each condition and/or cathode, we obtained at least three po-
larization curves. We also obtained j-V curves for selected cathodes
and conditions using chronopotentiometry to confirm that
a steady state was achieved in the LSVs at the selected scan rate.

ChemSusChem 2012, 5, 1071-1079
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On Electron Transport through Geobacter Biofilms

Daniel R. Bond,™ Sarah M. Strycharz-Glaven,” Leonard M. Tender,*™ and César I. Torres

Geobacter spp. can form a biofilm that is more than 20 um
thick on an anode surface by utilizing the anode as a terminal
respiratory electron acceptor. Just how microbes transport
electrons through a thick biofilm and across the biofilm/anode
interface, and what determines the upper limit to biofilm thick-
ness and catalytic activity (i.e., current, the rate at which elec-
trons are transferred to the anode), are fundamental questions
attracting substantial attention. A significant body of experi-
mental evidence suggests that electrons are transferred from

Introduction

Geobacter spp. (e.g., Geobacter sulfurreducens strain DL1) can
acquire energy by coupling the intracellular oxidation of or-
ganic matter, such as acetate, with extracellular electron trans-
fer to an anode (an electrode maintained at a sufficiently posi-
tive electrochemical potential to act as an electron drain)
resulting in an electric current (Figure 1)." The anode-respiring
ability of Geobacter derives from their ability to reduce in-
soluble oxidants, such as Fe" oxides, observed in natural
environments.

anode
biofilm
AC
anode media
e e CO,, H* =
external | 3|
circuit
z L

Figure 1. Top: TEM image of cross section of Geobacter sulfurreducens strain
DL-1 biofilm anode grown to the point where growth becomes limited
(image courtesy of E. V. LaBelle). Bottom: Schematic depiction of the overall
process of Geobacter biofilm anode respiration. Here, acetate is the electron
donor, L is the biofilm thickness (typically >20 um), and z is the distance
from the anode surface inside the biofilm.
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individual cells through a network of cytochromes associated
with cell outer membranes, within extracellular polymeric sub-
stances, and along pili. Here, we describe what is known about
this extracellular electron transfer process, referred to as elec-
tron superexchange, and its proposed role in biofilm anode
respiration. Superexchange is able to account for many differ-
ent types of experimental results, as well as for the upper limit
to biofilm thickness and catalytic activity that Geobacter biofilm
anodes can achieve.

Although other species are known to catalyze anodic reac-
tions,”? Geobacter are distinct for the high rate at which they
can directly transfer electrons to an anode surface, comparable
to the rate at which they can respire soluble oxidants such as
Fe" citrate, while not relying on soluble electron transfer medi-
ators such as flavins.”! Furthermore, on anodes that are inex-
haustible electron acceptors, Geobacter can form multi-microbe
thick, persistent biofilms not observed when respiring insolu-
ble oxidants, in which microbes residing more than 20-cell
lengths away utilize the anode as their terminal electron ac-
ceptor. The combination of robust direct electron transfer and
high cell surface density (microbes across the entire biofilm
generating electrons, which are collected by the underlying
anode) enables Geobacter biofilms to achieve higher anodic
current densities than any other species.””! For this reason, Geo-
bacter may play an important role in emerging technologies
based on microbe-catalyzed anode processes for which abiotic
catalysts do not exist, such as wastewater treatment and
energy generation from biomass oxidation.”
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Evidence that superexchange controls biofilm anode elec-
tron transport

How cells and cellular components coordinate in the transport
of electrons through a thick biofilm and across the biofilm/
anode interface and what limits the rate and distance that
electrons can be transported through an anode respiring bio-
film are unresolved. Cyclic voltammetry,®® conductivity meas-
urements,”’ and spectroelectrochemical measurements® per-
formed on living, actively respiring biofilms all indicate that
Geobacter biofilm anodes contain discrete, biofilm-bound
redox cofactors that are reversibly oxidized and reduced in re-
sponse to the anode potential. The key observation from all
three types of experiments is that the transport of electrons
through a Geobacter biofilm anode exhibits diffusive behavior
characterized by Fick's laws of diffusion,®%”% consistent with
extracellular electron transport involving sequential electron-
transfer self-exchange reactions (i.e., electron hopping) be-
tween discrete redox cofactors in a manner resembling an
electron “bucket brigade”.

We refer to this form of extracellular electron transport in
Geobacter biofilm anodes as electron superexchange, in defer-
ence to the established use of this term to describe this form
of electron transport within redox hydrogels including wired
enzyme electrodes."” Based on superexchange, the driving
force for extracellular electron transport toward the anode sur-
face during anode respiration is the effective concentration
gradient of electrons across the biofilm (i.e., a redox gradient),
arising from the reduction of oxidized cofactors by microbes
within the biofilm, and oxidation of reduced cofactors at the
anode surface.*®”* Accordingly, the local rate of electron
transport at any given location inside the biofilm, including at
the biofilm/anode interface, resulting in current is expected to
be proportional to the local concentration gradient of reduced
cofactor (Fick’s 1% law of diffusion).

In the case of cyclic voltammetry, a set of transient anodic
and cathodic voltammetric current peaks are observed for
living, actively respiring Geobacter biofilms grown on anodes
at sufficiently fast scan rates (typically >0.02 Vs ").%“%®! These
peaks result from the change in oxidation state of redox co-
factors within the biofilm in response to the changing anode
potential, and the potentials at which these peaks occur [at ap-
proximately —0.2 V vs. standard hydrogen electrode (SHE)] are
similar to the formal potentials of known c-type cytochromes
purified from G. sulfurreducens." In electrochemistry, the term
pseudocapacitance is used to describe the charge (the integral
of current over time) associated with such voltammetric peaks;
a more thorough description of which is available.*¥ In all
published studies, these voltammetric peaks scale in magni-
tude with the square root of the voltammetric scan rate. This
observation indicates that a diffusive process (referred to as
semi-infinite diffusion in a confined film®") consistent with su-
perexchange, governs the transport of electrons between bio-
film redox cofactors and the anode surface as the oxidation
state of the cofactors changes in response to the changing
anode potential. Moreover, the formal potentials of these vol-
tammetric peaks are centered on the midpoint potential of the
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sigmoid-shaped catalytic current-electrode potential depend-
ency (i.e., catalytic voltammetry) observed at slower scan rates
(typically <0.02 Vs™). This is consistent with a catalytic current
limited by the rate at which cells deliver electrons to redox co-
factors in the biofilm that subsequently transport electrons to
the anode surface via superexchange, as determined by mod-
eling Geobacter biofilm anodes as enzyme-functionalized elec-
trodes (in the absence of pH considerations, vide infra).*” Vol-
tammetric peaks observed in the absence of acetate (non-turn-
over condition) are also centered at the same approximate
formal potential as when acetate is present, indicating that the
same electron transport process observed by voltammetry of
resting cells is involved in anode respiration.””

In the case of spectroelectrochemistry,®™9 diffusive electron-
transport behavior consistent with superexchange is also ex-
hibited by actively respiring Geobacter biofilm anodes. Here,
a lag in the change of oxidation state of biofilm redox cofac-
tors, specifically c-type cytochromes (vide infra), is observed
spectroscopically while the electrode potential is changed
during voltammetry. This lag increases in duration with increas-
ing voltammetric scan rate and increasing biofilm thickness.
As above, this observation indicates that a diffusive electron
transport process governs the transport of electrons between
biofilm redox cofactors and the anode surface, where the time
required for electrons to radiate via superexchange across the
biofilm becomes more apparent the faster the electrode po-
tential is changed and the thicker the biofilm becomes.

In the case of conductivity measurements,” diffusive elec-
tron transport behavior consistent with superexchange is also
exhibited by actively respiring Geobacter biofilm anodes. Here,
a sigmoid-shaped dependency (rather than a linear dependen-
cy) is observed for a current conducted through a Geobacter
biofilm connecting two separated electrodes as voltage is ap-
plied to the electrodes.”

These independent measurements (electrochemical, spectral,
and conductance) performed on actively respiring Geobacter
biofilm anodes all yield results highly characteristic of systems
for which long-range electron transport results from electron
transfer reactions between discrete redox cofactors. This results
in diffusive-like electron transport behavior consistent with
known systems for which electron transport occurs via super-
exchange."”

Evidence for the role of c-type cytochromes

G. sulfurreducens cells possess an abundance of multiheme
c-type cytochromes on their outer membrane, in extracellular
polymeric substances, and along pilil"'**'¥ C-type cytochromes
are ubiquitous redox proteins involved in biological electron-
transport processes, but are best known for systems in which
single or diheme cytochromes shuttle electrons between larger
electron transfer proteins."”” In contrast, multiheme c-type cyto-
chromes can act as immobilized electron conduits spanning
large distances, as has been demonstrated for the Shewanella
CymA-MtrA-MtrC  system,™  where three multiheme cyto-
chromes transfer electrons from the inner membrane to the
outer surface in a sequence of 24 interacting hemes.

ChemSusChem 2012, 5, 1099 - 1105
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Spectroelectrochemistry specifically implicates cytochromes
as the dominant redox cofactors involved in Geobacter biofilm
extracellular electron transfer. Four different laboratories have
used UV-Vis absorption spectroscopy,’® surface-enhanced infra-
red absorption spectroscopy,”® and surface-enhanced Raman
spectroscopy"® combined with electrochemistry to investigate
Geobacter biofilm anodes, demonstrating characteristic spectra
of c-type cytochromes that undergo changes in oxidation state
with changes in the anode potential. Furthermore, Liu and
Bond® found a linear increase in catalytic current with the
amount of c-type cytochrome in a Geobacter biofilm anode
during biofilm growth, consistent with electrochemical data,®
demonstrating a linear increase in the amount of redox cofac-
tor in a Geobacter biofilm anode with catalytic current during
biofilm growth. Although they may be hidden by the large
signal produced by c-type cytochromes, no significant spectro-
scopic signals indicative of other potential redox cofactors
with formal potentials in this range (—0.2 to —0.5 vs. SHE),
such as quinones and flavins, have been detected.

Analysis of surface-enhanced Raman spectra directly impli-
cates c-type cytochromes in electron-transfer across the bio-
film/anode interface." This evidence is further supported by
the observation of multiple sets of voltammetric peaks in
cyclic voltammograms recorded under non-turnover conditions
(where cells have no acetate to oxidize, e.g., Figure 9B, Stry-
charz et al.®™) comparable to that observed for isolated multi-
heme c-type cytochromes involved in electron transport of
Shewanella oneidensis strain MR-1."*9 Such peaks are consis-
tent with the presence of a multi-electron accepting redox co-
factor at the biofilm/anode interface, whose formal potential is
influenced by the number of transient electrons residing in the
cofactor due to repulsive electron—electron interactions (i.e.,
a Coulomb blockade).”™ Prior modeling indicates that the
formal potential of redox cofactors involved in electron trans-
fer across the biofilm/anode interface cannot be more negative
than the midpoint potential of the catalytic voltammetry (e.g.,
Figure 9A in Ref. [9b]), suggesting that during anode respira-
tion, only one transient electron at a time may reside in multi-
heme c-type cytochromes transferring electrons to the anode.

Genetic data is less definitive with respect to implicating
cytochromes as redox cofactors involved in biofilm anode elec-
tron transfer, as deletion of certain G. sulfurreducens cyto-
chromes leads to multiple changes in expression of other cyto-
chromes and proteins."” Perhaps the most compelling evi-
dence involves the octoheme cytochrome OmcZ. This protein
is secreted outside the cell, where it is loosely tethered to ma-
terial extending far beyond the outer membrane.!*"'® Consis-
tent with its possible role as an extracellular electron transfer
agent, OmcZ tends to aggregate to itself, is highly stable, and
has a reduction potential of approximately —0.22 V versus SHE,
consistent with thermodynamics of anode respiration (vide
infra). Further, deletion of OmcZ eliminates the ability of G. sul-
furreducens to utilize anodes as electron acceptors. Many other
cytochromes, such as those shown to be organized along pili
(OmMcS), loosely attached to the outer surface (OmcE), or at-
tached to the outer membrane (OmcB), also produce pheno-
types in anode-grown biofilms,®? but these mutants tend to
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select for suppressor mutants able to express other cyto-
chromes, which complicates the study of their specific
roles.l'”19

Scheme of biofilm-anode catalytic activity

A schematic depiction of the proposed catalytic process, in-
cluding the superexchange extracellular electron-transport pro-
cess that incorporates the results described above, is shown in
Scheme 1. Details of independent components of this Scheme

biofilm

Scheme 1. Schematic depiction of Geobacter biofilm anode respiration at
the microbe layer. Here, biofilm-bound redox cofactors (c-type cytochromes)
associated with cell surfaces, along pili, and within extracellular polymeric
substances act as extracellular terminal electron acceptors for cells metabo-
lizing acetate, as well as mediators facilitating electron-transport through
the biofilm by self-exchange among adjacent cofactors, and ultimately as
the electron donors for electron transfer to the anode surface resulting in
electrical current. Concomitantly generated protons diffuse out of the bio-
film, in the opposite direction of electron flow, toward adjacent media.

have been described extensively elsewhere”**?) Here, for

a given microbe in the biofilm, electrons resulting from intra-
cellular acetate oxidation are transported from the cytoplasm
to outer membrane cytochromes associated with the microbe.
Once in the extracellular environment, electrons are transferred
between cytochromes, either on cell outer membranes, aligned
along pili,"® or in the extracellular polymeric substances,"
until they reach cytochromes associated with microbes at the
biofilm/anode interface, where they are transferred to the
anode (referred to as a heterogeneous electron transfer reac-
tion as it involves an electrode). Concomitantly generated pro-
tons diffuse complexed with bases toward the media.
The following are key aspects of this scheme.

Electron transport must be very efficient

Cyclic voltammetry of Geobacter biofilms grown utilizing ace-
tate as the electron donor has repeatedly demonstrated a ther-
modynamic threshold below which Geobacter is unable to
donate electrons to an anode; this value is approximately
—0.22 V versus SHE.B62<%21l Taking into account the reduction
potential of the CO,/acetate half-reaction (—0.29V vs. SHE),
this indicates that less than 0.07 V (6.7 kJ per electron) is used
during cellular respiration to generate proton motive force.
Thus, for the complete eight-electron oxidation of acetate
under standard conditions, only 53.6 kJ per mol acetate is po-
tentially available for all adenosine triphosphate (ATP) genera-
tion needs, a value that will be even lower as acetate concen-
trations are reduced. These electrochemical observations are
consistent with chemostat and modeling studies concluding
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that Geobacter obtains much less than one ATP per acetate
oxidized when metals are the electron acceptor.?? The low
energy gain from anode respiration may reflect the fact that
iron(lll) oxyhydroxides in the environment also typically have
low redox potentials, and that, when acetate and Fe" are at
low concentrations, conserving any additional energy would
be uncompetitive.

The second important observation derived from voltamme-
try is that Geobacter only requires anodes to be poised at po-
tentials 0.1V higher than this thermodynamic threshold to
reach its maximum rates of anode respiration. In other words,
when anodes are poised at —0.10 V versus SHE, cells respire
just as fast as when the anode is raised to potentials 0.5V
higher.2>¢<” This observation reveals two facts: Geobacter does
not take advantage of excess available potential energy when
anodes are poised at higher potentials, and only about 0.1 V is
lost while driving electron transport across multiple insulating
membranes, through multiple microns of extracellular space,
and across the biofilm/anode interface. Such a low energy loss
is only possible if the intrinsic rate of electron self-exchange
between proteins, and with the anode surface, is very fast (i.e.,
activation energy barriers are very low).

A calculation investigating this low energy exchange hy-
pothesis has been performed to model electron transport be-
tween two microelectrodes spanning an extracellular fiber iso-
lated from Shewanella oneidensis strain MR-1.¥ Electron trans-
port for this organism has also been observed with very low
(=~0.1-0.2 V) driving forces, which was modeled by electron
superexchange among redox cofactors proposed to be associ-
ated with the fiber.” Electron transfer along such fibers at ob-
served rates®™ was possible via a superexchange mechanism
as long as the redox cofactors were closely spaced and the cal-
culated activation energy for electron transfer among adjacent
cofactors was among the lowest exhibited for biological elec-
tron transfer reactions (on the order of 0.6 mV).*”!

pH gradient

Proton transport is crucial within a Geobacter biofilm due to
high stoichiometric production of protons during anode re-
spiration:

CH,COO™ + 3H,0 — CO, + HCO,™ + 8H" +8e" (1)

In fact, no other microbial metabolic pathway, respiratory or
fermentative, produces as many protons per substrate con-
sumed as anode respiration because in the case of anode res-
piration, negative charge (electrons) is removed at the base of
the biofilm. As electrons are produced and transported to the
anode, concomitantly produced protons must be transported
out of the biofilm and into adjacent media.*® Proton transport
is thought to occur by diffusion®® of protons complexed with
buffers (such as carbonate and phosphate ions)%*2%*! owing to
low proton concentration at near-neutral pH values favored by
Geobacter.

The generation of protons by cells within a Geobacter bio-
film anode, and their diffusion out of the biofilm, is predicted
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to result in the formation of a proton concentration gradient
across the biofilm (Figure 2). In this gradient, a drop in the pH
value is expected to occur close to the biofilm/anode interface.
This drop becomes more pronounced as the biofilm grows
thicker. Imaging by using pH-sensitive dyes confirms that a pH
gradient does occur, in which a pH value as low as 6.1 can
occur close to the biofilm/anode interface of a full grown Geo-

biofilm
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Figure 2. A) The proposed use for cytochromes in the biofilm to both accept
electrons from cells they are associated with, as well as electrons transport-
ed from cells residing further from the anode surface, is predicted to result
in generation of a redox gradient across the biofilm, represented by the
arrow pointing away from the electrode surface. With increasing distance
from the anode surface, the relative abundance of cytochromes in the oxi-
dized state decreases while the relative abundance of cytochromes in the re-
duced state increases, represented here by a shift in biofilm color from
white to red with increasing distance from the anode surface (2). In the ab-
sence of any other limitations, the biofilm will grow in thickness until the rel-
ative abundance of cytochromes in the oxidized state at the outer edge (L)
is too low to act as electron acceptors for cells, and thus cannot support
any additional biofilm growth. B) In addition, the generation of protons
inside the biofilm due to anode respiration, and their transport out of the
biofilm by diffusion, is expected to result in generation of the depicted pH
gradient across the biofilm indicated by the arrow pointing toward the elec-
trode surface. As the biofilm grows thicker, the pH drops further in the bio-
film represented here by a shift in biofilm color from white to purple with
decreasing distance from the anode surface (2). In the absence of any other
nutritional limitations, the biofilm will grow in thickness until the rate of
electron transport through the biofilm region closest to the anode surface is
inhibited either by direct effects of low pH values on cytochromes, on the
metabolism of cells in this low pH region, and/or on the availability of oxi-
dized cytochromes distant from the electrode.
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bacter biofilm anode,”” a pH value known to decrease meta-

bolic activity.?” Such a pH gradient is expected to dispropor-
tionally affect metabolic activity of microbes closest to the bio-
film/anode interface and is, therefore, expected to diminish
the net contribution to current by additional cells as the bio-
film grows thicker. The effect of a low pH value may be even
more pronounced, creating a negative feedback loop that
limits biofilm thickness, if the rate of electron transfer between
adjacent cyctochromes and/or across the biofilm/anode inter-
face itself is negatively affected by low pH values. Although
little is known about the pH optima of cytochromes involved
in these reactions, the distorted sigmoid-shaped current-volt-
age dependencies of G. sulfurreducens biofilm anodes recorded
under conditions that exacerbate the effects of pH (e.g.,
Figure 6 in Torres et al.?®) are consistent with the hypothesis
that as the pH value decreases, the rate of electron transfer
across the biofilm/anode interface decreases (e.g., Figure 8 in
Ref. [9b]). Decreasing the pH value has also been shown to
shift the midpoint potential of cytochromes within the extra-
cellular matrix positively by approximately 50 mV for each pH
unit (close to the theoretical Nernstian value of 0.059 V per pH
unit), which would reduce the driving force for transferring
electrons to anodes.”"? Thus, while multiple experiments
have shown that biofilm anodes are severely affected by the
pH value, 2221205271 mgre information related to both the
physiological impact (effects on metabolic activity of cells),
along with the biochemical and electrochemical effects
(changes in cytochrome electron-transfer kinetics), is needed
to elucidate the importance of proton export on electron
transfer through biofilms to anodes. Independent of the exact
mechanism, diffusive proton transport is predicted to result in
less active microbes near the biofilm/anode interface that may
limit current density and thus the extent of biofilm growth.

Oxidized cytochrome concentration gradient

Within a Geobacter biofilm, an oxidized extracellular cyto-
chrome may both accept electrons directly from the microbe it
is associated with and from neighboring reduced cytochromes
originating from microbes residing farther from the anode sur-
face (Scheme 1). This competition for use of cytochromes is ex-
pected to generate a concentration gradient of oxidized cyto-
chromes (and due to mass balance, reduced cytochromes)
across the biofilm (Figure 2). In this gradient, cells closer to the
anode surface experience a higher concentration of oxidized
cytochromes able to accept their electrons, whereas cells far-
ther from the anode surface experience a lower local concen-
tration of oxidized cytochromes able to accept their electrons.
As a result, the activity of cells is expected to decrease with in-
creasing distance from the anode surface, opposite the effect
expected from the pH gradient described above. In the limit-
ing case, the local concentration of oxidized cytochromes at
the outer edge of the biofilm will be too low to support addi-
tional biofilm growth. Under this condition, modeling indicates
that the biofilm is still predicted to exhibit an undistorted sig-
moid-shaped catalytic current-voltage dependency, as has
been observed experimentally in many laboratories. 6200
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Three lines of experimental evidence indicate that such
a concentration gradient occurs within a Geobacter biofilm
anode. We (Glaven and Tender) recently obtained direct evi-
dence for such a gradient, in which the electrochemical poten-
tial inside a G. sulfurreducens biofilm measured 10 um from the
anode surface is approximately —0.2V versus SHE (Snider,
etal., manuscript in preparation). At this potential, cyto-
chromes are over 80% reduced, even though a highly favor-
able electron acceptor (an anode poised at +0.1V vs. SHE) is
only 10 um away. Secondly, spectral evidence is provided by
Liu and Bond,®™ in which the proportion of reduced cyto-
chromes within a respiring Geobacter biofilm anode increases
with increasing biofilm thickness even though cells are again
only microns away from an anode poised at a potential suffi-
ciently positive to oxidize all c-type cytochromes. Lastly, tran-
scriptional evidence obtained by slicing biofilms and compar-
ing gene expression at the top versus near the electrode™ re-
vealed down-regulation of acetate oxidation and ribosomal
genes, indicating respiration rates slowing with increased dis-
tance from the anode.

Role of nanowires

Proteinaceous filaments extending from the cell membrane
into the extracellular environment have been observed for
many electrode-reducing bacteria.?***% Filamentous structures
from two anode-respiring organisms, G. sulfurreducens®®*" and
S. oneidensis,***% have been investigated in depth. Specifi-
cally, conductivity across the diameter of sheared G. sulfurredu-
cens fibers®® could be measured by means of conducting
atomic force microscopy (AFM), which could not be detected
in Type IV pili mutants. Conductivity could also be measured
across the diameter and along the length of individual S. onei-
densis fibers®?* but aside from mutants in the general
Type Il secretion pathway responsible for excreting a wide
range of proteins to the Shewanella outer surface, no data is
available on the identity or composition of Shewanella fibers.
In the case of the lengthwise conductivity measurements, Po-
lizzi et al® calculated that this conductivity could arise from
electron superexchange involving redox cofactors associated
with the fiber rather than from metallic conductivity.®"*¥ Al-
though there are clear differences between these two organ-
isms, the apparent conductivity of both Geobacter and Shewa-
nella fibers has led to the general term of “nanowires” for
these extracellular structures contributing to extracellular elec-
tron transport.

The Geobacter structures exhibiting this conductivity are be-
lieved to be primarily comprised of the Type IV pili structural
protein PilA®Y although other filamentous appendages are
present in deletion mutants lacking PilA.2* All Geobacter spe-
cies, as well as close relatives, which are not capable of elec-
tron transfer to electrodes, possess a complete suite of Type IV
pili genes typically studied for their ability to retract and pull
cells closer to surfaces. The PilA protein of Geobacter is also
significantly shorter than most commonly studied bacterial
Type IV pilins, including those found in Shewanella, which has
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also been interpreted as evidence that these structures per-
form additional roles.”

Deletion of the entire pilA gene significantly inhibits attach-
ment of cells to each other®® and affects formation of biofilms
on glass slides even when electron transfer is not a consider-
ation, further indicating that Geobacter pili contribute to adhe-
sion and attachment. PilA mutants also attach poorly to
anodes and secrete fewer essential cytochromes such as
0OmcZ,®>3" offering a possible explanation for why PilA is re-
quired for maximum catalytic current generation.”“* Deletion
of the same pilin, however, does not affect electron transfer re-
actions in which a cathode serves as the electron donor.?® Fur-
ther complicating elucidation of the specific role of pili in elec-
tron-transport of actively respiring anode grown Geobacter bio-
films is the fact that the c-type cytochrome OmcS has been
shown to localize along pili during metal reduction'*** and
during interspecies electron transfer between cell aggregates
undergoing syntrophic respiration.”® Moreover, it has been
shown that pilA contains two different translational start sites,
resulting in a long and short isoform of the protein."® Expres-
sion of only the long form of PilA results in cells unable to pro-
duce pili, but rescues much of the cytochrome secretion de-
fects and restores 75% of catalytic current production to G.
sulfurreducens pilA mutants when grown on anodes."”

Despite the confounding effects of pili on attachment, adhe-
sion, retraction, and anchoring of cytochromes, which could all
lead to shorter electron transfer distances and increased bio-
film growth, a decrease in current generation by Geobacter
pilA mutants has been attributed to inherent conductive prop-
erties of these structures.®” Temperature-dependency meas-
urements of dried crude pili extracts, and on mutant biofilms
that form uniquely tough layers able to be peeled from elec-
trodes and placed across the gap of a split-gold electrode, sug-
gest that direct conduction of electrons through these prepa-
rations occurs by a metallic-like process.®" It is not clear at this
time how this data relates to the mechanism controlling the
electron transport through an intact, actively respiring wild-
type biofilm, and the interpretation of these experiments has
been debated elsewhere.®® However, the hypothesis of metal-
lic electron conduction by pili does not provide explanations
for the finite thickness of biofilms, their diffusive redox charac-
teristics, their conductive properties measured while active re-
spiring, or the finding that cytochromes in actively respiring
Geobacter biofilms are partially reduced.

Conclusions

We have described an evolving scheme of biofilm anode respi-
ration that is ultimately controlled by superexchange among
extracellular cytochromes. Although it is likely that other com-
ponents are also involved, this model is able to account for
many different types of experimental evidence reported for ac-
tively respiring Geobacter biofilm anodes and places specific
physical limits on both the thickness and current densities ob-
tainable by anode-reducing bacteria.

According to this concept, local pH values in the biofilm are
expected to decrease with increasing biofilm thickness due to
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the finite rate of outward diffusion of protons generated inside
the biofilm by respiration. Low pH values may inhibit the rate
cytochromes operate at in superexchange directly by altering
redox potentials as well as indirectly by slowing the metabolic
activity of the cells they are associated with. In addition, the
finite rate of electron exchange between cytochromes is ex-
pected to cause the local concentration of oxidized cyto-
chromes in the biofilm to decrease with increasing distance
from the anode surface. This phenomenon results from the
dual use of oxidized cytochromes to both accept electrons
emerging from local cells, and to accept electrons from cells
residing farther from the anode surface.

Based on these outcomes, we propose that a biofilm anode
will grow in thickness until either the pH value near the anode
surface becomes sufficiently low that it inhibits cytochrome
function of the innermost cells, thereby limiting the ability of
all cells in the biofilm to transfer electrons to the anode, or
until the local concentration of oxidized cytochromes experi-
enced by the outermost cells becomes too low to support ad-
ditional growth. As experiments have directly detected both of
these inhibitory effects within living G. sulfurreducens biofilm
anodes, they likely act synergistically to limit biofilm thickness
and thus catalytic activity.

Key challenges that remain are experimental visualization of
a network of cytochromes throughout the biofilm and the ex-
tracellular structures that ensure the close interactions required
for rapid electron transfer. Extrapolating from an entirely differ-
ent organism, to explain the conductivity measured along
a single isolated Shewanella fiber,**® a superexchange-based
mechanism would require cofactor spacing on the order of
1 nm, consistent with intra-heme spacing in multiheme c-type
cytochromes.”2* With the identification of at least one multi-
heme cytochrome that aligns along Geobacter pili (OmcS), mul-
tiple cytochromes found associated with cell surfaces (e.g.,
OmcB and OmcE), cytochromes found associated with extracel-
lular materials (OmcZ), and more than 50 genes encoding for
additional multiheme cytochromes,”" numerous candidates for
interacting self-exchange pathways exist along cell surfaces
and extracellular structures.
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